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Abstract 
The risks of chronic diseases related to high fat intake lead to an increased demand for low-fat food 
products. However, reducing the fat content incorporates textural and sensory defect that 
significantly impacts consumer acceptability, especially for dairy products. Therefore, 
hydrocolloids are used as stabilisers and thickeners in food processing since they can be partial or 
total fat substitutes in foods that confer desirable characteristics normally provided by fats. This 
project firstly investigated physicochemical characteristics of pure hydrocolloids solutions (gelatin, 
κ-carrageenan, low methoxyl (LM) pectin and curdlan) under conditions used in dairy products, 
then the influence of hydrocolloids addition on the stability, flow behaviour, microstructure and 
lubrication of milk protein solution within varying casein to whey protein ratios was studied. 
Further, the effect of hydrocolloids and casein to whey protein ratios on the physical property and 
oral perception of real dairy products (low-fat chocolate milk and yoghurt) was evaluated. 
 
The flow and tribological behaviors of hydrocolloids solution/suspension depended on the pH, 
addition of salts and dosage of hydrocolloids. Near its isoelectric point, gelatin solution had the 
lowest viscosity, gel strength, lubrication property and poor visual aspect of formed gel. 
κ-Carrageenan solution had the highest viscosity and best lubrication property at neutral pH. The 
strength of formed gels from κ-carrageenan solution was low in acid condition, and the formed gels 
had unchanged visual aspect. LM pectin solution showed the highest viscosity and best lubrication 
property at pH 4.0, and decreased with the raise of pH value. LM pectin solution only started to 
form a stable gel when the concentration reached 1.0% with moderate amount (> 0.025%) of CaCl2 
existed. For curdlan suspension, the viscosity was stable at neutral or acidic condition, but increased 
under alkali condition, and the curdlan suspension showed the least lubrication property at pH 4.0. 
Adding salts improved the viscosity and tribology property of gelatin, κ-carrageenan solution, while 
the viscosity of LM pectin solution and curdlan suspension decreased with the addition of KCl, and 
2 or 3% CaCl2 addition decreased the lubrication property of curdlan suspension. To some extent, 
the addition of salts depressed gelation of curdlan suspension at pH 5.0, and the addition of CaCl2 (> 
0.8%) increased formation of curdlan gel. However, for other hydrocolloids, salts addition increased 
the gel strength although lower gel strength was obtained when the addition of CaCl2 was beyond 
0.8% for κ-carrageenan formed gel.  
 
For milk protein solution with fixed protein content (3.4%), replacing casein with whey protein 
isolate improved the protein stability, increased the viscosity and lubrication property of protein 
solution, whilst the milky white colour of the solution reduced. Gelling was observed with 
independent addition of 0.05% of κ-carrageenan and 0.25% of LM pectin to the protein solution 
	 iii	
with high casein to whey protein ratio (≥ 50/50). Addition of hydrocolloids caused significant 
increase in viscosity and improved the friction coefficient of protein solutions, and protein solution 
showed the best lubrication property with the addition of 0.25% curdlan. The solutions were more 
homogeneous when casein/whey protein ratio was 0/100, and adding hydrocolloids caused phase 
separation, especially for protein solutions with high casein fraction. While when the percentage of 
casein was fixed to 2.4%, the addition of whey protein isolate did not have any obvious influence 
on the appearances of protein solutions, although it increased the stability, viscosity and lubrication 
property of protein solution. Besides, it was further discovery that the protein solution containing 
curdlan showed the best lubrication property both at 15 and 37 °C. 
 
Finally, the influence of hydrocolloids and casein to whey protein ratios on the physical and sensory 
properties of chocolate milk and yoghurt were investigated. The dynamic sensory tool, Temporal 
Dominance of Sensations (TDS), was used to monitor the changes in textural perception as 
perceived during oral processing. Decreasing casein to whey protein isolate ratio (from 80/20 to 
20/80) significantly decreased the sedimentation percentage (from 4% to 3%) and improved the 
lubrication property of chocolate milk, although the resulting chocolate milk samples were darker. 
Hydrocolloid addition improved the viscosity and lubrication property of chocolate milk, however a 
significant increase in the particle size and an obvious sedimentation (> 6%) happened with a high 
proportion of κ-carrageenan, LM pectin and curdlan. The TDS data obtained showed that 
powderiness, thickness, and creaminess was significant dominant attribute (dominance rate of 30%) 
at the start of consumption for chocolate milk, while residual coating and astringency became 
dominant later during oral processing. For yoghurt, with the replacement of casein by whey protein 
or hydrocolloids addition, the texture and viscosity of yoghurt was significantly increased, although 
too much hydrocolloid caused increased syneresis. The TDS data obtained showed that graininess, 
thickness, and cohesiveness were the most perceptible attributes at the start of consumption for 
yoghurt, while the dominant attributes turned to creaminess and mouth coating in the later period of 
consumption (after 60% onwards). 
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Chapter 1. 
 
Introduction 
 
1.1.  Background 
Fat, apart from its nutritional significance in dairy products, also has considerable impact on the 
rheological and textural properties, physical characteristics and microbiological stability of products 
(Brennan & Tudorica, 2008). Fat whitens the colour of milk products and modifies the texture, 
lubrication property and creaminess of products (Villegas, et al., 2007). The fat content contributes 
to food flavour directly or indirectly since fat is an important ingredient in flavour as a solvent for 
lypophilic compounds and the same time plays a key role in the texture formation (Arancibia, et al., 
2013). Since fat plays multiple roles in determining the overall properties of food products, 
reducing or eliminating fat content in food products would compromise the sensory properties (e.g. 
flavour, appearance and texture) and physicochemical attributes (e.g. rheology and stability), 
particularly when the fat is in an emulsified state (Chung, et al., 2013).  
 
The rise of chronic diseases related to excess consumption of calories, such as obesity, 
cardiovascular diseases, hypertension and diabetes has been observed worldwide (Dias, et al., 2015). 
Although genetic components have an effect on these diseases, there is a cause and effect 
relationship between energy intake and storage of over-energy (Beckett, 2009). According to 
modern medical research studies, diets play an important role in the maintenance and improvement 
of human health and wellness. Thus consumers are more health conscious and respond to calling for 
more healthy diets (Cheng, et al., 2008), leading academic, government and even industrial research 
laboratories actively involved in producing reduced calorie foods, such as low-fat or fat-free 
versions of traditional food products (Chung, et al., 2013). 
 
Although most consumers are conscious of the health benefits of low-fat diets, they do not want to 
sacrifice the taste, texture and aroma in the dairy products during consumption (McIlveen & 
Armstrong, 1995). Thus, the biggest challenge that food industry needs to overcome is developing 
low-fat products that keep the attributes the consumers prefer. A reduction in fat content can be 
achieved by replacing it with water, and several ingredients are used to provide the functionality of 
the missing fat since they can control the free water (Brennan & Tudorica, 2008). One of the most 
used ingredients as an effective fat replacer in food processing is hydrocolloid since they can be 
partial or total fat substitution in foods that can replace desirable characteristics normally provided 
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by fats (Chung, et al., 2013). Many kinds of hydrocolloids (e.g. carrageenan, gellan gum and guar 
gum) have been used safely as stabilizers and thickeners in a variety of dairy foods to control and 
regulate colloidal state, texture, flavour, and shelf life of products, such as cheese, yoghurt, desserts 
and chocolate milk. 
 
Dairy products are usually oil-in-water or water-in-oil emulsion systems. Although the amount of 
hydrocolloids used in dairy product formulations is usually relatively small, they have important 
functions to serve, disproportionate to their use level (Laaman, 2010). Using hydrocolloids in dairy 
system have two main purposes. On the one hand, hydrocolloids can prevent the formation of 
creaming, flocculation, coalescence and Ostwald ripening, which increase the shelf life of products. 
On the other hand, hydrocolloids improve the texture, change rheological and structural properties, 
give body to liquid formulations, and produce gels in flavoured milk, yoghurt drinks and other 
cultured dairy products. Therefore, hydrocolloids act as emulsifiers in yoghurt, ice cream and butter 
(Kiani, et al., 2010); crystallization inhibitors in ice cream and other frozen dairy desserts; syneresis 
inhibitors in cheeses and frozen foods; fat replacers in dairy products; and even suspending agents 
in some specific dairy products, such as chocolate milk. In addition, the addition of hydrocolloids to 
foods may also provide desirable nutritional benefits because of some of them are associated with 
consumption of dietary fiber (Dolz, et al., 2007). LM pectin and κ-carrageenan are popularly used 
in dairy products due to their milk protein reactivity, and gelatin due to its unique ability to melt at 
body temperature is also normally utilized. While for curdlan it is still uncommon in dairy industry, 
but is gradually being introduced in dairy product as it can enhance the mouthfeel properties and 
remains odorless and tasteless even after severe temperature treatments (Nakao, et al., 1991; 
Phillips & Williams, 2009; Salvador & Fiszman, 1998). Although there is a number of previous 
studies investigate the rheological, textural and gelation properties of gelatin, κ-carrageenan, low 
methoxyl (LM) pectin and curdlan (Phillips & Williams, 2009), very few reported works focus on 
the fundamental physico-chemical properties of these hydrocolloid solutions/suspension under the 
conditions in dairy products, which has important value to the dairy processing industry. Besides, 
there are few studies evaluating the tribological property of dairy products with hydrocolloids 
addition (Godoi, et al., 2017; Nguyen, et al., 2017), and to my knowledge, there is no study 
investigate the tribological property of these pure hydrocolloids solutions/suspension under 
different pH values and with salts addition, especially in the range used in dairy products. Therefore, 
the pH values and concentration of hydrocolloids and salts studied in this project followed the range 
used in dairy products and had changed to the concentrations in pure water. 
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Hydrocolloids can be used in isolation or in combination to simulate specific fat droplet properties. 
Previous studied show that hydrocolloids may contribute independently, synergistically, or 
antagonistically to particular system properties when used in combination, depends on the nature of 
the molecular interactions involved (BeMiller, 2011; Dolz, et al., 2007). Protein, an important 
ingredient in dairy products, are well known for their surface activity, which allows them to play a 
key role in the formation and stabilization of foams and emulsions by a combination of electrostatic 
and steric mechanisms (McClements, 2016). During food development, in order to control the 
rheology, stabilize the network structure of the continuous phase, retard phase separation and 
creaming, the most practice is using hydrocolloids, especially polysaccharides (Dickinson, 2003). 
Through aggregation and gelation behaviour, both proteins and polysaccharides can contribute to 
the structural and rheological properties of foods. Protein and polysaccharide molecules can link 
together by a covalent bond giving a specific, strong and essentially permanent ‘conjugate’ 
(Benichou, et al., 2007; Schmitt, et al., 1998). Therefore, the synergistic effects resulting from 
blending these biopolymers have significant application for the improvement of many foods. On the 
other hand, protein and polysaccharide molecules can also associate via physical interactions, such 
as electrostatic and hydrophobic interactions, steric exclusion, hydrogen bonding, etc. (Rodríguez 
Patino & Pilosof, 2011). These non-covalent interactions between biopolymers also have important 
implications for interfacial characteristics of adsorbed films and for the formation and stability of 
the dispersion. However, the rheological and tribological property of dairy drinks with different 
casein to whey protein ratios when hydrocolloids existed is few investigated in studies. 
 
For milk-based products, textural and mouthfeel attributes sometimes can be more important than 
flavour in determining a consumer’s acceptability of the product. Thus, characterising the texture is 
a crucial first step to see whether a specific product would be successful in comparison with similar 
products from which consumers can choose (Pereira, et al., 2006). In fact, texture is one of the 
sensory attributes that people try to simulate and understand in laboratory through mostly physical 
methods. Since instrumental evaluation has its own advantageous over sensory assessment, like 
lowering running cost, saving time and speeding the generation of results, it is recommended to be 
included as a routine procedure (Bourne, 2002; Skriver, et al., 1999). Unfortunately, very few 
studies had attempted to establish correlation between sensory perception of texture and 
instrumental parameters or structural data (image analysis of micrographs) (Hullberg & Ballerini, 
2003; Langton, et al., 1997), especially with saliva added, which is an important composition 
involved in food consumption. 
 
Chapter 1. Introduction 
	 4	
Saliva is a complex biological fluid, consisting mainly 99.5% of water, 0.3% of different proteins 
(e.g. enzymes, mucines and proline rich proteins), small organic compounds and inorganic salts 
(Sarkar, et al., 2009). During consumption, food products are diluted and mixed with saliva to form 
food boluses, which are smooth and lubricated portion of mechanically broken down food that can 
be swallowed with ease (Pedersen, et al., 2002). Besides the key role saliva plays in the breakdown, 
it also influences the perception of taste, flavour and texture of foods. Also, some authors postulated 
that an interaction of saliva and ingredients of food products, like proteins and hydrocolloids, could 
change the microstructure and rheology of products that affect consumer perception (Choi, et al., 
2014). Therefore, in order to successfully manipulate the physical and sensorial attributes of 
colloidal food systems, such as emulsion stability, creaminess and rate of flavour release, an 
understanding of interaction of food products with saliva is critical (Sarkar, et al., 2009). The 
influence of hydrocolloids addition on the texture and mouthfeel of foods under the presence of 
saliva is not very well reported in the literature. 
 
In conclusion, this research focused on investigating the rheology, tribology and textural properties 
of four different hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) under dairy 
conditions (pH, salts addition and the usage level of hydrocolloids) and their interaction with milk 
protein. Their application in real low-fat dairy products was evaluated. The effect of hydrocolloids 
addition and changes of casein to whey protein ratio on protein solution microstructure were also 
observed by using CLSM. In addition, as a key attribute, the texture of low-fat dairy products 
(chocolate milk and yoghurt) that was assessed both quantitatively by using rheometer, tribometer, 
texture analyzers and mastersizer, while subjectively as the texture perception is changing over time, 
Temporal Dominance of Sensations (TDS) method with trained panelist was applied. Furthermore, 
saliva plays an important role during the consumption of foods, hence the influence of saliva 
addition on the rheology and tribology property of dairy products was also studied. 
 
1.2.  Aims and Objectives 
This study aimed to investigate the rheology and tribology properties of pure hydrocolloid (gelatin, 
κ-carrageenan, LM pectin and curdlan) solutions/suspension under dairy products used levels and 
conditions, and the influence of hydrocolloids addition on appearance, rheology, microstructure and 
tribology of protein solutions with different casein to whey protein ratios. This work also studied 
the influence of hydrocolloids addition on real dairy products with varying casein to whey protein 
ratios and the changes of rheology/tribology property of low-fat dairy products after saliva mixture. 
Furthermore, a new knowledge on sensory profiling of dairy products (chocolate milk and low-fat 
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yoghurt) by using TDS techniques was established. 
 
The specific objectives of this research are summarized below: 
1. To investigate the basic properties of pure gelatin/κ-carrageenan solutions, particularly the 
rheological, tribological and texture properties, in the range used in dairy products at 
different level of concentrations, pH values, and added salts. This objective is addressed in 
Chapter 3. 
2. To investigate the basic properties of pure curdlan suspensions, particularly the 
rheological, tribological and gelation properties, in the range used in dairy products at 
different level of concentrations, pH values, and salts addition. Moreover, evaluate the 
possibility of the utilization of curdlan in yoghurt. This objective is addressed in Chapter 
4. 
3. To investigate the basic properties of pure LM pectin solution, particularly the rheological, 
tribological and texture properties, in the range used in dairy products at different level of 
concentrations, pH values, and added salts. This objective is addressed in Chapter 5. 
4. To study the influence of hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) 
addition on appearance, stability and tribo-rheology property of high protein solutions. 
This objective is addressed in Chapter 6. 
5. To study the influence of hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) 
addition on appearance, stability, microstructure and tribo-rheology property of normal 
protein solutions with varying casein to whey protein ratios. This objective is addressed in 
Chapter 7. 
6. To evaluate the tribo-rheology and appearance property of chocolate milk under different 
hydrocolloids addition, and study the dynamic changes on textural attributes of chocolate 
milk during oral processing by using TDS tools and its relation with flow and lubrication 
behaviour with saliva added. This objective is addressed in Chapter 8. 
7. To evaluate the tribo-rheology property of low-fat yoghurt under different hydrocolloids 
addition with different casein to whey protein ratios, and study the dynamic changes on 
textural attributes of low-fat yoghurt during oral processing by using TDS tools and its 
relation with flow and lubrication behaviour with saliva added. This objective is addressed 
in Chapter 9. 
 
1.3.  Outline of the dissertation 
The thesis consists of 10 chapters including a general introduction (Chapter 1), literature review 
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(Chapter 2), studies undertaken in the project (Chapters 3–9), and general conclusions and 
recommendations for further research (Chapter 10). Each published or submitted research paper is 
presented as a chapter. 
1) Chapter 1 provides general knowledge about hydrocolloid (especially gelatin, κ-carrageenan, 
LM pectin and curdlan) as the main objective of this research. This part also introduced the 
interaction existed in dairy system and the role of saliva during consumption. 
2) Chapter 2 presents the review of literature background relating to: (1) the definition, 
classification, nutritional benefits and functional properties of hydrocolloids; (2) the general 
introduction of four different kinds of hydrocolloids (gelatin, κ-carrageenan, LM pectin and 
curdlan) studied in this project; (3) the interactions among hydrocolloids, protein and other 
food compounds, especially for dairy systems; (4) the composition and important functional 
properties of saliva. 
3) Chapter 3 investigates the physicochemical properties (rheology, tribology and textural 
properties) of gelatin and κ-carrageenan solutions in dairy conditions (different utilization level, 
pH values and addition of salts). 
4) Chapter 4 investigates the effects of concentration, pH values and salts addition on 
physicochemical properties of pure curdlan suspension, and the possibility of its application in 
yoghurt production. 
5) Chapter 5 investigates the physicochemical properties (rheology, tribology and textural 
properties) of LM pectin solution in dairy conditions (different utilization level, pH values and 
addition of salts). 
6) Chapter 6 describes the influence of different hydrocolloids (gelatin, κ-carrageenan, LM pectin 
and curdlan) addition on appearance, solution stability and tribo-rheology property of high 
protein solutions. 
7) Chapter 7 provides the information of how hydrocolloids addition (gelatin, κ-carrageenan, LM 
pectin and curdlan) addition alter the appearance, stability, microstructure and tribo-rheology 
property of normal protein solutions with varying casein to whey protein ratios. 
8) Chapter 8 describes the tribo-rheology property of chocolate milk under different 
hydrocolloids addition with different casein to whey protein ratios, and the sequential aspects 
of chocolate milk texture perception during oral processing by using TDS tools and its relation 
with flow and lubrication behaviour with saliva added. 
9) Chapter 9 evaluates influence of hydrocolloids addition and change of casein to whey protein 
ratios on the tribo-rheology property of low-fat yoghurt, and studies the dynamic changes on 
textural attributes of low-fat yoghurt during oral processing by using Temporal Dominance of 
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Sensations tools and its relation with flow and lubrication behaviour with saliva added. 
10) Chapter 10 provides the overall conclusions from each of the research chapter and future 
recommendations for further studies. 
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Chapter 2. 
 
Literature Review 
2.1.  Introduction 
Nowadays consumers are more health conscious and respond to calling for more healthy diets 
(Cheng, et al., 2008) since the rise of chronic diseases related to excess consumption of calories, 
such as obesity, cardiovascular diseases, hypertension and diabetes have been observed worldwide 
(Dias, et al., 2015). Apart from its nutritional significance in dairy products, fat also has 
considerable impact on the rheological and textural properties, physical characteristics and 
microbiological stability of products (Brennan & Tudorica, 2008). Although most consumers are 
conscious of the health benefits of low-fat diets, they do not want to sacrifice the taste, texture and 
aroma in the dairy products during consumption (McIlveen & Armstrong, 1995). Therefore, it is a 
big challenge for the food industry to develop functional foods without compromising the texture 
and flavour profiles during oral processing. One of the most useful methods in food industry is 
adding hydrocolloid, many kinds of hydrocolloids can be used safely in a variety of dairy foods 
since they can prevent the formation of creaming, flocculation and coalescence, and improve the 
texture, change rheological and structural properties. 
  
Gelatin, κ-carrageenan and LM pectin are popularly used in dairy industry because of the unique 
ability to melt at body temperature or their ability to interact with milk protein (Huang, et al., 2019; 
Kalab, et al., 1975; Phillips & Williams, 2009; Salvador & Fiszman, 1998). Curdlan is an 
extracellular bacterial polysaccharide ((1 → 3)-β-glucan) produced by Alcaligenes faecalis var. 
myxogenes (Harada, et al., 1966), it have started to be used in various foods as it can enhance the 
mouthfeel properties and remain odorless and tasteless even after severe temperature treatment 
(Nakao, et al., 1991). There have been a number of studies investigate the physicochemical 
properties (flow, lubrication behaviour and gelation) of these hydrocolloids, however, most of the 
previous studies focused on the properties of hydrocolloid solutions/suspension at high 
concentration (above 5.0%, w/w) with very few reported works at levels used in dairy application 
(Phillips & Williams, 2009). Understanding the fundamental physico-chemical properties of pure 
hydrocolloid solutions/suspension in the range used in dairy products has value to the dairy 
processing industry. Furthermore, although there are few studies evaluating the tribological 
property of dairy products with hydrocolloids addition (Godoi, et al., 2017; Nguyen, et al., 2017), 
the study of tribological property of pure hydrocolloid solutions/suspension under varying pH 
values and salts addition is lack. 
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Protein, another important ingredient in dairy products, are well known for their surface activity, 
which allows them to play a key role in the formation and stabilization of foams and emulsions by a 
combination of electrostatic and steric mechanisms (McClements, 2016). Both proteins and 
polysaccharides can contribute to the structural and rheological properties of foods. Furthermore, 
protein and polysaccharide molecules can link together by a covalent bond (Benichou, et al., 2007; 
Schmitt, et al., 1998) or associate via physical interactions (Rodríguez Patino & Pilosof, 2011). For 
normal cow milk, the fraction of casein to whey protein is approximately 80 to 20. The heat 
stability of protein solution under different casein to whey protein ratios have been examined 
(Beaulieu, et al., 1999; Patocka, et al., 1993; Rattray & Jelen, 1997), and many studies have 
investigated the effect of altering casein to whey protein ratios on texture and sensorial properties of 
yoghurt/drinks (Nam, et al., 2017; Pakseresht, et al., 2017).  
 
Saliva is a complex biological fluid, consisting mainly 99.5% of water, 0.3% of different proteins, 
small organic compounds and inorganic salts (Sarkar, et al., 2009). During consumption, saliva 
mixes with food products to form food boluses to promote swallowing (Pedersen, et al., 2002) and 
influences the perception of taste, flavour and texture of foods (Choi, et al., 2014). In order to 
successfully manipulate the physical and sensorial attributes of colloidal food systems, such as 
emulsion stability, creaminess and rate of flavour release, an understanding of the interaction of 
food products with saliva is critical (Sarkar, et al., 2009). How the texture and mouthfeel of foods 
are affected by the addition of various hydrocolloids in food systems in the presence saliva are not 
very well reported in the literature. Therefore, this literature review presents the background 
knowledge about the following: (1) hydrocolloids (definition, classification, nutritional benefits and 
functional properties); (2) basic introduction of four different kinds of hydrocolloids (gelatin, 
carrageenan, pectin and curdlan); (3) interactions exist in dairy systems; (4) saliva (its composition 
and functions during eating). 
 
2.2.  Hydrocolloids 
2.2.1.  Definition and classification of hydrocolloids 
Hydrocolloid, as a definition, means particles of 10–1000 nm in diameter dispersed in water as a 
continuous phase (van Olphen, 1975). Also, the term "hydrocolloids" is commonly used to describe 
a range of polysaccharides and proteins (Phillips & Williams, 2009) that are widely used in a 
variety of industrial sectors, including foods, to control and regulate colloidal state, texture, flavor, 
and shelf-life of products. Hydrocolloids perform many functional roles in foods, including 
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emulsification, gelation, thickening, stabilizing foams and dispersions, control the release of flavour 
and act as texture modifier in many processed food products. 
 
Food hydrocolloids can be obtained through a vast and diverse number of sources, such as algae, 
bacteria, fruit, plant extracts and also biosynthesis (Phillips & Williams, 2009). Therefore, 
traditionally most of the hydrocolloids are grouped according to their various natural sources. Agar, 
carrageenan and alginate are classified in the seaweed group. Gum arabic, gum karaya, gum ghatti, 
gum tragacanth and other acacia gum are assembled as tree exudate group. In addition, some 
gum-like substances, such as cellulose, starch, pectin, guar gum, konjac mannan, and locust bean 
gum (LBG), are categorized in separate plant groups, including seeds, plants, tubers and trees. 
Xanthan gum, curdlan, dextran, gellan gum are included in a group since they are from 
microorganisms, and gelatin, chitin and chitosan are put in the animal group. Also, with the 
emergence of new technologies in chemistry or biochemistry, a new group named 
semi-synthetic/synthetic gums has been proposed, that includes glycerol monostearate, methyl 
cellulose (MC), hydroxypropyl methyl cellulose (HPMC), and hydroxyethyl methyl cellulose 
(HMC) and so on. However, according to Glicksman (1982), all the hydrocolloids can be classified 
into three categories, they are natural gums that can gained from nature directly, modified gums 
(semi-synthetic) that natural gums requiring some chemical modification, and synthetic gums, 
manufactured by chemical synthesis (Nussinovitch, et al., 2014).  
 
Another practical approach of classifying hydrocolloids is based on their chemical structure (Li & 
Nie, 2016). For example, agar, carrageenan, fucoidan and furcellaran can be classified into one 
group since all of them contain galactan (a polysaccharide consisting of polymerized galactose), 
and starch, oat gum, barley gum and curdlan belong to glucan (a kind of polysaccharide which is 
composed of glucose) group. The hydrocolloids in the same group sometimes can be applied for 
similar purposes. Beyond all the classification methods mentioned above, hydrocolloids always can 
be grouped into anionic (negative charge) gums or non-ionic (no charge or balanced) gums. 
Hydrocolloids like carrageenan, gum arabic, gum karaya and gellan gum belong to anionic group, 
while non-ionic hydrocolloids cover xanthan gum, guar gum, and locust bean gum and so forth. The 
common hydrocolloids are listed in Table. 2.1 according to different way of classification. 
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Table 2.1.  Classification of hydrocolloids 
Basis Class Example 
 
 
 
 
 
Origin 
Plant Pectin, inulin, locust bean gum, starches, gum arabic, gum ghatti, 
cassia seed gum, basil seed gum, mesquite seed gum, fenugreek 
gum, oat gum, rye gum, konjac, guar gum, flaxseed gum, wattle 
gum 
Animal Chitin, chitosan, gelatin 
Seaweed  Agar, carrageenan, alginic acid, alginate, furcellaran, ulvan, 
fucoidan, red alga xylan 
Microbial  Xanthan, gellan gum, tara gum, dextran, pullulan, welan gum, 
curdlan, levan 
Synthetic  Methyl cellulose, methyl ethyl cellulose, hydroxyl propyl cellulose, 
hydroxypropyl methyl cellulose, microcrystalline cellulose 
Simplest way Anionic gums Carrageenan, gum arabic, gum karaya, gellan gum 
Non-ionic gums Xanthan gum, guar gum, locust bean gum 
 
 
 
 
Structure 
Galacturonan Pectin 
Galactan Agar, carrageenan, fucoidan, furcellaran 
Glucan Starch, oat gum, barley gum, curdlan, pullulan, dextran 
Protein Gelatin 
Galactomannan Guar gum, locust bean gum, tara gum, cassia seed gum 
Xylan Red alga xylan 
Fructan Inulin, levan 
Arabinogalactan Gum arabic 
Glucosamine 
polymer 
Chitin, chitosan 
 
2.2.2.  Nutritional benefits of hydrocolloids 
Food hydrocolloids are non-digestible carbohydrates that can form viscous solutions or gels. They 
could be considered as dietary fiber, and if added to foods should increase the amount of fiber and 
improve the human health potentially (Phillips & Williams, 2009). Much of the impact of food 
hydrocolloids on small intestinal digestion and absorption, gastric emptying, postprandial glucose 
and insulin and stool output has been well known by researchers with most of the research being 
carried at the end of the last century (Edwards & Rowland, 1992). In addition, many non-digestible 
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polysaccharides and oligosaccharides have been obtained from new sources, including new fruits, 
seeds, algal origin and nuts (Hannan, 2007; Huang, et al., 2008; Leonora, et al., 2003; Mandalari, et 
al., 2008). 
 
Recently, more increasing attention have been put on the mechanisms of action of hydrocolloids 
related to their fermentation in the large intestine to short chain fatty acids and their impact on the 
intestinal micro-biota as well as the potential actions of the products of their fermentation on plasma 
lipids and satiety (Phillips & Williams, 2009). This is of increasing importance given the current 
global epidemic in obesity and growth in chronic diseases (CHD) such as cardiovascular disease, 
diabetes mellitus and cancer, which has shown close connection with the immoderate consumption 
of high fat and/or high calorie foods. Over consumption of food carbohydrates has been another 
concern in keeping a healthy body. A joint FAO/WHO report advises people to decrease the 
consumption of sugars and to increase the dietary fiber consumption (Brennan & Tudorica, 2008). 
The realization that the soluble components are responsible for the beneficial effects of a high-fiber 
diet on the incidence of diseases has promoted the attention on nutritional values of food 
hydrocolloids (Li & Nie, 2016), such as appetite regulation (Pentikäinen, et al., 2014), bowel 
function, reduction of osteoporosis risk (Bosscher, et al., 2006), and the prevention of coronary 
heart diseases, type 2 diabetes mellitus and colon cancer (Hu, et al., 2011). The influence of 
hydrocolloids on prevention and treatment of diseases depend on their physicochemical properties 
to some extent. This includes their good ability to hold water, form and maintain high viscosity and 
their potential functionality of trapping or even binding small molecules such as minerals and bile 
acids (Phillips & Williams, 2009). 
 
2.2.3.  Functional properties of hydrocolloids in dairy products 
Food hydrocolloids play important roles in a various everyday processed food, such as dressings, 
sauces, yoghurt, ice cream and cheese. A few applications of hydrocolloids are exemplified: they 
are coating agents in fried and nutritious foods; clarifying agents in beer; clouding and flocculating 
agents in juices and wine; water-binding agents in gluten-free foods (Mohammadi, et al., 2014; 
Ziobro, et al., 2013) thickeners in soups, gravies, salad dressings, sauces and toppings (Krystyjan, et 
al., 2012); adhesives in bakery glazes; encapsulating agents in powdered fixed flavors or some oils; 
foam stabilizers in beer and whipped toppings.  
 
2.2.3.1.  Emulsifiers and emulsion stabilizers  
The dairy system is an important emulsion system, which is a dispersion of one liquid as small 
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spherical droplets in another immiscible liquid, and sometimes contains other kinds of dispersed 
phases, such as gas bubbles and ice crystals (Maity, et al., 2017; Phillips & Williams, 2009). 
Hydrocolloids play a key role in the preparation of emulsions and in the control of emulsion shelf 
life as an emulsifying agent (emulsifier), as a stabilizing agent (stabilizer), or in both of these roles 
(Dickinson, 2008; Funami, 2017). The emulsifier is a surface-active ingredient that adsorbs at the 
newly formed oil-water interface during emulsion preparation, and hence possess the ability to 
facilitate the formation and stabilization of fine droplets by reducing the interfacial tension between 
two phases. The stabilizer is an ingredient that confers long-term stability by limiting the mobility 
of the water in an emulsion (Dickinson, 2003). For an ingredient to be an effective emulsifier it 
must be surface-active, that is, it must have the capacity to adsorb and rearrange at the interface to 
lower the tension both substantially and rapidly (Dickinson, 2001; Maity, et al., 2017). Compared to 
protein emulsifiers, which have flexible molecular structures, most of the rigid hydrocolloids do not 
adsorb at hydrophobic surfaces and are not considered as classical emulsifiers traditionally (Li & 
Nie, 2016). However, some hydrocolloids can adsorb on oil-water interfaces, decrease creaming 
rates of oil droplets and foams, preclude coalescence of oil droplets, and retard syneresis of gel 
systems containing oils as well as the precipitation of dispersed particles, such as gum arabic 
(Acacia senegal), modified starches, modified celluloses, some kinds of pectin, and some 
galactomannans (Dickinson, 2003; Garti, et al., 1993). In addition, since hydrocolloids have large 
molecular size and predominant hydrophilic, compared with protein emulsifiers, hydrocolloid 
emulsifiers can form thicker thin films on the interface, which protect droplets against aggregation 
during adverse conditions, such as the addition of other ingredients and temperature change 
(Chanamai & McClements, 2002; Dickinson, 2008). 
 
Besides hydrocolloid, milk protein is another important ingredient in dairy systems. The interaction 
between hydrocolloids and proteins play a key role in emulsion stability. These two components are 
dissolved in the aqueous phase and form a pseudoternary ‘protein-hydrocolloid-water’ 
polyelectrolyte solution. Due to the thermodynamic incompatibility between protein and 
hydrocolloid, the system would have some sided behavior, such as unwanted bridging flocculation, 
which depends on numerous factors, including protein-to-hydrocolloid molar ratio, source of 
hydrocolloid or protein, dispersed particle concentration, temperature, ionic environment, structure 
of hydrocolloid, thermal history of the sample, etc. (Syrbe, et al., 1998b). However, under 
optimized conditions proteins and hydrocolloids can act as functional ingredients via the 
development of protein–polysaccharide complexes as emulsifiers and stabilizers in improving 
emulsion stability (Dickinson, 2009; Guzey & McClements, 2006; Wagoner, et al., 2016). The 
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protein–polysaccharide complexes are formed either through covalent bonding or via electrostatic 
interactions. Conjugation of polysaccharide to protein improves solubility under unfavorable 
solution conditions, such as low pH and high ionic strength, which is beneficial for protein 
emulsification properties. Also, compared with the formulation used protein alone, the emulsion 
made by conjugated emulsifiers exhibits no precipitation or phase separation when mixed with 
colouring agents either before or after extensive dilution (Akhtar & Dickinson, 2007; Albano, et al., 
2019). Furthermore, the electrostatic complex of protein and polysaccharide is easier to be adsorbed 
at the oil-water interface, leading the emulsion droplets to be immobilized in a polymer gel network. 
Stabilizing droplets in emulsion by a protein-polysaccharide bilayer is called "layer-by-layer" 
approach. There is increasing interest in utilizing this approach recently due to its potential for 
encapsulation technology and its success in protecting emulsions against severe environmental 
stresses (Guzey & McClements, 2006). 
 
2.2.3.2.  Fat substitutes and replacers  
Fat, apart from its nutritional significance, contributes to the sensory and texture properties of dairy 
products since it plays an important role in their physical, rheological, and textural properties 
(Brennan & Tudorica, 2008; Dave, 2012; Miocinovic, et al., 2011). However, the development of 
healthier food products, such as reduced fat versions of food products, has become a key target for 
the food industry since the realization of the connection between high fat and human health 
(Hoefkens, et al., 2011; Weiss, et al., 2010). Reducing the fat content in the diet can reduce the 
energy intake, which contribute to the weight control and prevent obesity. This leads to increasing 
number of conscious consumers looking forward to eat low-fat foods to reduce the risk of diseases. 
 
Ice cream, frozen desserts, yoghurt and other emulsion-based food products have relatively high fat 
contents and calories, therefore developing effective methods to diminish the fat content of these 
products is even more important. However, as the fat droplets play important roles in texture, 
appearance and flavour of food products, the desirable sensory qualities would be decreased along 
with the reduction of fat content in foods (Chung, et al., 2013). The recognized effective strategy is 
to use fat substitutes and replacers, which reduce the fat content and give products the similar 
sensory qualities like their full-fat counterparts. 
 
Miraglio proposed the differences between fat substitute and fat replacer in 1995 (Miraglio, 1995). 
According to this paper, a fat replacer means an ingredient that replaces partly or all the functions 
of fat and may or may not provide nutritional value. Nevertheless, a material that replaces all the 
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functions of a fat with essentially no energy contribution called a fat substitute. In fact, the two 
terms are used interchangeably because they serve the same purpose of a reduction in fat and 
calories in the diet (Li & Nie, 2016). Because of the ability to modify the rheological behavior of 
products and stabilize the structure of the aqueous phase, hydrocolloid seems one of the ideal fat 
replacers, including inulin, pectin, barley beta-glucan, guar gum, okra gum, gum tragacanth, 
xanthan gum, kappa-carrageenan, sodium alginate, curdlan, locust bean gum, etc. (Aziznia, et al., 
2008; Brennan & Tudorica, 2008; Hsu & Chung, 1999; Romanchik-Cerpovicz, et al., 2002). 
 
2.2.3.3.  Thickening property  
For dairy products, the different ingredient types and concentration can modify the rheology and 
sensory properties, influencing consumer response (Arltoft, et al., 2008; Funami, 2017; 
Gonzalez-Tomas & Costell, 2006; Verbeken, et al., 2006). As mentioned in section 2.1.3.2, milk fat 
content plays an important role in appearance, texture and flavor aspects of products (Villegas, et al., 
2007). Another important factor affecting texture and flavor release and perception of dairy 
products is thickener type and concentration. One major function of hydrocolloids in food 
emulsions is to act as a thickening agent. Since thickeners contribute to product structure and 
rheology through viscosity enhancement, they can affect perceived flavor and taste in dairy systems 
(Arancibia, et al., 2013; Gierczynski, et al., 2011). In addition, the hydrocolloids may impart a 
desirable texture and smooth mouth-feel to the product, although these effects seem to be dependent 
on the thickener type (Bayarri, et al., 2007; Guinard & Marty, 1995; Hollowood, et al., 2002). 
However, the relation between thickener type or concentration and aroma, taste release is less clear. 
It may be because of the viscous or harder food systems produced after using hydrocolloids. 
 
According to Codex Alimentarius Commission, thickener belongs to the functional class of food 
additives for labeling purposes, it has three subclasses, they are thickening agent, texturizer and 
bodying agent for technological functions. Through the development of controlled stress and 
controlled strain rheometer capable of measuring high to very low shear rates, researchers have 
gained much more understanding of their rheological behavior over the last thirty years (Phillips & 
Williams, 2009), and hydrocolloids are becoming widely used in food systems, especially among 
dairy products. Thickening occurs above a critical polymer concentration known as overlap 
concentration. Below the overlap concentration, the hydrocolloid dispersion behaves as a 
Newtonian fluid (Phillips & Williams, 2009), but the viscosity of the solution increase greatly 
above this concentration, changes to form called "semi-dilute region" where molecular crowding 
gives rise to the overlap of polymer coils and interpenetration occurs (Phillips & Williams, 2009), 
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exhibiting a non-Newtonian behavior. Due to the high molecular weight and extended 
macromolecular structure, hydrocolloid is usually functionally effective at very low concentrations. 
 
2.2.3.4.  Gelation and gel properties of hydrocolloids 
A gel is an intermediate state of hydration between solid and sol, consists of polymers linked 
through covalent and/or non-covalent interactions to create a three-dimensional network in order to 
enclose a delicately separated liquid phase and immobilize the liquid within it to form a rigid 
structure that is resistant to flow. In other words, a gel is a colloidal dispersion where a liquid is the 
discontinuous phase whilst the continuous phase is a solid matrix (Saha & Bhattacharya, 2010). 
Although all hydrocolloid solutions are viscoelastic and influence the viscosity of aqueous 
dispersions, only some hydrocolloids show the outstanding characteristic — gelation, such as 
carrageenan, pectin, gelatin, agar, etc. The viscoelastic system can be characterized by the 
magnitude and frequency dependence of the storage and loss modulus, G' and G'' respectively. 
 
Hydrocolloid gels usually called "physical gels" since the junction zones formed through physical 
interaction, involve hydrogen bonding, hydrophobic association, cation-mediated crosslinking and 
so on (Phillips & Williams, 2009). The textures of gels vary extensively, from an elastic gel to a 
brittle gel depending on the number of molecules that form the junction zones (Stewart, et al., 2014; 
Ventura, et al., 2013). The gel would be more rigid with an increase of molecules in the junction 
zones. Furthermore, junction zones also influence the thermal behavior of gels. If the junction zones 
are bound by only weak hydrogen bonds, the gel would melt at much lower temperature, such as 
gelatin gels. While the alginate gels can resist to melt even at boiling because of the strength of the 
calcium bridges in the junction zones (Saha & Bhattacharya, 2010). 
 
However, with brittle gels, the gel structure is easy to shrink and brings about syneresis. Brittle gels 
may be formed by pectin, carrageenan or alginate cross-linked by calcium ions (Li & Nie, 2016). 
There is a tight link between the type and concentration of solid and syneresis. Though syneresis is 
undesirable in many products, it may be very useful in some dairy product, such as cheese making. 
In practical production, in order to develop or improve rheological characteristics of food products, 
hydrocolloids are commonly used together to build synergy (Phillips & Williams, 2009). For 
example, the addition of locust bean gum to κ-carrageenan can lead to the forming of a more elastic 
and transparent gel due to the self-association of locust bean gum in solution (Nussinovitch, 1997). 
The sol-gel transition, that means change reversibly from a sol to a gel by raising or lowering the 
temperature, is a hot topic in studying gels (Kiani, et al., 2010; Moschakis, et al., 2014; Trivedi, et 
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al., 2014). It depends on the nature of the secondary or non-covalent molecular forces such as 
hydrogen bonds and hydrophobic interaction. Another popular subject is to explore the synergistic 
effect upon gelation (BeMiller, 2011; Cui, et al., 2006; Liu, et al., 2003). As mentioned above, there 
is a synergy happen when adding locust bean gum into kappa-carrageenan, and they both belong to 
the category of gelling agents. In addition, a mixture of the non-gelling agents and gelling agents or 
two non-gelling agents can also produce superior food gels (Chaisawang & Suphantharika, 2006). 
 
2.3.  Hydrocolloids studied in this project 
2.3.1.  Gelatin 
Gelatin is the most widely used gelling agent, but it is extracted from an animal protein-collagen, 
which differs from the other hydrocolloids. Commonly the collagen used comes from pig or beef 
hides and bones, although poultry and fish skins are newer sources, which can produce specialist 
gelatin types (Laaman, 2010; Lin, et al., 2017). The collagen is first treated to soften it and break 
the cross-links via controlled acid or alkaline hydrolysis. Then the gelatin is extracted followed by 
filtration, purification, sterilization, concentration, drying and milling (Phillips & Williams, 2009). 
Gelatin is classed as an ingredient instead of an additive making it a good ingredient for 
additive-free products. Consumers consider it as a ‘store cupboard ingredient’ and it has been used 
as a gelling agent for over a hundred years (Pegg, 2012). 
 
In the past decades, there has been an increasing demand for gelatin alternatives due to the rise of 
vegetarianism, some religious reasons, along with the outbreak of bovine spongiform 
encephalopathy (BSE), which may linked with gelatin (Karim & Bhat, 2009) that has prompted 
researchers or food manufacturers to look for alternative sources of gelatin (Huang, et al., 2019). 
However, it may be difficult to replace gelatin in some food products due to its unique properties.  
 
Although gelatin is a protein-based hydrocolloid, it behaves more like the gelling polysaccharides 
than other proteins (such as casein and whey protein) because of its structure. Gelatin consists of a 
mixture of amino acids of which glycine, proline, and hydroxyproline are present in most 
abundance. The gelatin molecules contain repeating sequences of glycine-X-Y triplets, where X and 
Y are frequently proline and hydroxyproline amino acids (Cuppo, et al., 2001). These repeating 
sequences occur over extended regions of the polymer chain. This arrangement of amino acids 
forces the chain into a regular helix shape, which is unique to gelatin and other collagen family 
proteins (Burey, et al., 2008). The regions rich in these three amino acids are called junction zones 
and are key factors for the gelling behavior of gelatin. The formed gelatin gel is a thermoreversible 
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gel through a cold-setting mechanism in aqueous solvents (Pezron, et al., 1991). At temperature 
above 40 °C, gelatin totally dissolves and behaves like a typical synthetic polymer with the 
individual macromolecules each assuming random-coil configurations in solution (Fig. 2.1). These 
random coils consist of single polypeptide chains, termed α-chains that may be entangled. Upon 
cooling two or three gelatin chains begin to form a triple helical structure, Fig. 2.1 (like the original 
collagen), leading to gelation (Cuppo, et al., 2001). 
 
 
Fig. 2.1.  Schematic of thermoreversible gelatin gelation 
 
The most common use of gelatin is its thermally reversible gelling properties. As the only gel that 
truly melt in the mouth, the gelatin gels can melt at body temperature (37 °C), which gives an 
intense flavor and aroma release, and a very quick breakdown of texture, leaving no gummy texture 
in the mouth (Haug, et al., 2004; Lin, et al., 2017). This property makes gelatin almost impossible 
to replace with gelatin alternatives, especially in products such as desserts and confectionery jellies. 
 
Gelatin is also essential in some dairy products and pastries in order to provide the quality desired 
by consumers. Milk is primarily a complex oil-in-water emulsion. Gelatin molecules can associate 
to the surface of the fat droplets in milk reducing the surface tension towards the aqueous phase, 
resulting in improving the emulsifying property of dairy products (Haug, et al., 2004). Syneresis is 
normally the most undesirable phenomenon in dairy products, such as yoghurts, curds and cream 
cheese, since it lets the liquid being exuded from a gel making products making it less appealing to 
the consumers. However, the addition of gelatin to dairy products can bind whey, which may 
hamper secretion of aqueous whey (syneresis). Gelatin also depresses the surface tension of water, 
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enabling formation of foam through mechanical whipping or injection of gas in foamed milk-based 
desserts like curds, ice creams and mousses. In ice cream, addition of gelatin influences the size and 
distribution of ice crystals thereby influencing the texture and mouthfeel of the final product 
(Schrieber & Gareis, 2007). Gelatin is also utilized in the meat processing industry for their ability 
to bind water and meat juices, and to secure good texture and taste. In addition, gelatin is also 
widely used in low-fat (fat replacer), low-calorie (fat replacer and binding agent) and low-carb 
(binding agent) food products (Haug, et al., 2004; Huang, et al., 2019).  
 
2.3.2.  Carrageenan  
Carrageenan is extracted from red seaweeds (marine algae) of the class Rhodophyceae (Maity, et al., 
2017), in which it is involved in the maintenance of structure as a crucial component of the cell wall. 
The main ‘farming’ areas for carrageenan-containing seaweeds are the coastal waters of the 
Indonesia, Philippines and Chile (Pegg, 2012). Different types of seaweed grow in different regions, 
and each seaweed type contains different types of carrageenan, either single type or mixtures of the 
three commercially available fractions of carrageenan: kappa, iota and lambda (κ, ι, and λ). These 
three carrageenan types differ in their 3,6-anhydrogalactose and ester sulphate content, as shown in 
Fig. 2.2. Variations in these components affect the gel strength, texture, solubility, melting and 
setting temperatures, and the syneresis and synergy of the different carrageenan types (Błaszak, et 
al., 2018; Prajapati, et al., 2014). 
 
Seaweeds are washed and then treated with alkali to extract the carrageenan after being identified to 
make a particular extract. Before drying, grinding and blending, the carrageenan extracts are filtered 
and clarified by high-speed centrifugation, concentrated and then precipitated with alcohol (Trius, 
et al., 1996). Actually, there is no isolated existence in the natural world and commercial 
carrageenan types are either mixtures of these types, with one type predominating, or they are 
hybrid molecules containing structural components of more than one type (Hoefler, 2004).  
 
Though all carrageenan is soluble in hot water, only the sodium salts of kappa and iota are soluble 
in cold water. In food products, lambda carrageenan is unaffected by the salts present. Since lambda 
carrageenan develops viscosity in cold water and becomes more viscous after solutions are heated 
and cooled, it is used for thickening, particularly in dairy products to give a full body with a 
non-gummy, creamy texture (Pegg, 2012). Unlike lambda carrageenan, the presence of salts in 
foods affects kappa and iota carrageenan. For example, kappa carrageenan forms a firm, brittle gel 
with potassium ions, while iota carrageenan can give a soft, elastic gel due to its interaction with 
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calcium ions in foods. Besides, the iota carrageenan gels have better freeze-thaw stability than 
kappa carrageenan gels. Thus, it is common to use blends of iota and kappa carrageenan in order to 
get the desired texture, stability and water binding in a particular application (Prajapati, et al., 
2014).   
 
 
Fig. 2.2.  Carrageenan structural types 
 
Carrageenan degrades in systems with a pH value less than 4.3, which cause the loss of viscosity 
and gel strength during processing. Therefore it is recommended that carrageenan should be 
processed at neutral pH, and the acid added just before depositing and filling if it is required 
(Phillips & Williams, 2009). For acidic foods, to avoid polymer breakdown the carrageenan is 
added at the end of the process. Once the gelation of carrageenan is complete, there is no further 
breakdown and the products’ shelf life is not adversely affected (Arltoft, et al., 2007). 
 
Carrageenan can function as a bulking agent, carrier, emulsifier, and gelling agent, glazing agent, 
stabilizer, humectant and thickener. After carrageenan addition it can bind water, promote gel 
formation, thicken, stabilize, and improve palatability and appearance of products through 
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interaction with other substances in the food, such as proteins, sodium or calcium phosphates, starch, 
galactomannan, carboxylmethyl-cellulose (Phillips & Williams, 2009). Based on the advantages 
mentioned above, carrageenan is used as a food additive in the production of a wide range of 
processed foods, including dairy products, water-based foods, meat products, beverages, 
condiments, infant formula, and even pet food (Błaszak, et al., 2018; McHugh, 2003). For 
simplicity, the food application of carrageenan can be divided into two groups: dairy based and 
water based. Carrageenan improves texture, thickness, and solubility in case of dairy products 
(Błaszak, et al., 2018; McHugh, 2003). For instance, carrageenan can successfully prevent 
separation and maintain texture in dairy products when added in small amounts around 0.3% in 
milk gels (e.g. custards, flans, and creamy fillings), whipped cream, yoghourt, and milkshakes, and 
0.03% in frozen desserts and liquid milk products (Prajapati, et al., 2014).  
 
2.3.3.  Pectin 
Pectin is a natural hydrocolloid found in virtually all land-based plants and is a structural polymer 
in reinforcing plant cell walls. Pectin has traditionally been used in the home for gelling jam, and is 
probably the only hydrocolloid that the consumer knows best and considers natural in the world 
(Pegg, 2012). Commercially, pectin is extracted from citrus peel or apple pomace (dried pulp) and 
sometimes from sugar beet residues or sunflower heads under mildly acidic conditions (Adetunji, et 
al., 2017; Hoefler, 2004; Phillips & Williams, 2009). 
 
Chemically, pectin is a linear polysaccharide of galacturonic acid units with molecular weights of 
approximately 110,000–150,000 (Phillips & Williams, 2009). Along the polymer chain, some 
galacturonic acid units are naturally esterified with a methyl group (methoxyl), while the rest are 
unsubstituted (Pegg, 2012). During the extraction process of pectin, the esterification can be 
controlled so that the degree of esterification (DE) of the final pectin product can range from 0–75% 
(Adetunji, et al., 2017). As per the DE, also known as the degree of methoxylation (DM), pectin is 
classified as high methoxyl (HM) pectin and low methoxyl (LM) pectin. If the DE of the pectin is 
greater than 50%, it is classified as HM pectin. If the DE is less than 50% then it is classified as LM 
pectin. The differing structure of these pectin types determines their functionality and application 
(Hoefler, 2004; Phillips & Williams, 2009). 
 
Pectin is water-soluble and the key property of pectin for various application is its ability to form 
stable gels. In contrast to most other hydrocolloids used, pectin solutions are stable in acid 
conditions, even at high temperatures. However, they would degrade under alkaline conditions, 
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even at room temperature. They undergo slow degradation at pH 5.5–7.0 in combination with heat 
(Christiaens, et al., 2014; Phillips & Williams, 2009), thus a careful control of pH should be taken 
during process. 
 
HM pectin has several key factors required for gelation: low pH (< 3.5), high soluble solids, usually 
sugar (> 55%), and the pectin solution needs heating and cooling to form a gel (Pegg, 2012). The 
setting temperature of pectin gel varies depending on the DE. HM pectin usually forms solid, 
cuttable gels that do not re-melt on heating – this makes HM pectin gels bake stable. The gel is 
prone to syneresis because it breaks on shearing but does not reform. Although HM pectin does not 
gel above pH 3.5, it is still used in some fruit beverages as it adds some viscosity to the product 
(Arltoft, et al., 2007; Christiaens, et al., 2014). 
 
LM pectin gel is less restrictive in terms of pH and soluble solid levels due to a different 
mechanism, although both the pH and soluble levels affect the gelation process. Calcium is required 
for LM pectin to form gels. As shown in Fig. 2.3, LM pectin using a mechanism known as the egg 
box model, the calcium crosslinks non-esterified carboxyl groups, building divalent ion bridges 
(Burey, et al., 2008). The gel setting time decreases when the DE of the LM pectin decreases since 
the pectin becomes more reactive to the calcium. In order to control calcium availability to prevent 
pre-gelling, sequestrants such as citrate or phosphate are used in practical application (Pegg, 2012). 
LM pectin gels are typically soft, spreadable and bake stable, and they are less heat and acid 
tolerant than HM pectin gels. 
 
 
Fig. 2.3.  Mechanism of low methoxyl (LM) pectin gel formation 
 
Traditionally, HM pectin is used for jams, jellies, marmalades and confectionery jellies. However, 
LM pectin is required for low-sugar versions. HM and LM pectin are also used for bakery jellies, 
which are applied to bake goods before baking (Pegg, 2012). In case of dairy products, pectin has 
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two distinct functions. In acid dairy systems (e.g. yoghurt drinks, fruit juice/dairy drinks, and 
acidified soya drinks), HM pectin is used as a protein dispersion stabilizer since its charge interacts 
with the casein protein, preventing casein from precipitating at its isoelectric point. By interacting 
with the calcium and milk proteins, LM pectin gels neutral milk desserts or adds texture (Arltoft, et 
al., 2007). LM pectin is also used to prepare the fruit preparations used in yoghurts, ensuring good 
stability, even fruit dispersion while in bulk storage and during pumping into the final product 
(Christiaens, et al., 2014; Nussinovitch, 1997). 
 
2.3.4.  Curdlan 
Curdlan is an extracellular bacterial polysaccharide produced by Alcaligenes faecalis var. 
myxogenes (Harada, et al., 1966). Since 1966, curdlan has been used in Japan as a key ingredient in 
various types of processed foods on its gelling properties (Phillips & Williams, 2009). It is an 
ingredient recently approved by the US Food and Drug Administration (1996) as a direct food 
additive (Funami & Nishinari, 2007). 
 
Curdlan is a linear homopolymer of D-glucose with β-1, 3-glucosidic linkages, and its aqueous 
suspension is capable of forming a gel by heating although it is insoluble in water (Funami, et al., 
1999). Depending on the heating temperature curdlan can form two types of heat-induced gels: 
low-set gel and high-set gel. The low-set gel, which is typically obtained by heating the aqueous 
dispersion between 55 °C and 60 °C and then cooling to below 40 °C, is thermo-reversible similar 
to agar-agar and gelatin, whereas the high-set gel is thermo-irreversible and obtained when the 
aqueous suspension is heated above 80 °C (Konno & Harada, 1991; Phillips & Williams, 2009). 
That is, the transition temperature from low-set gel to high-set gel exists at around 80 °C. 
 
The texture and functional properties of the two types of gels are quite different as the high-set gel 
has a more firm and resilient texture than low-set gel (Funami, et al., 1998). In addition, high-set gel 
is very stable at low and high temperatures, and it remains tasteless, odorless, and colorless even 
after severe temperature conditions, so curdlan is used in frozen and retorted foods (Nakao, et al., 
1991). The molecular mechanism of gelation for high-set gel and low-set gel is very different 
(Konno, et al., 1993). During the high-set gel forming, cross-linking between curdlan micelles, 
which is occupied by molecules of triple-stranded helix or multiple-chain helix (Funami, et al., 
1998; Marchessault & Deslandes, 1979), is accomplished with hydrophobic interactions. While for 
the low-set gel formation, cross-linking between curdlan micelles is occupied by molecules of 
single-helix (Funami, et al., 1998) through hydrogen bonds. 
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2.4.  Hydrocolloids’ interaction in dairy products 
There are two reasons for using hydrocolloids in dairy products: Hydrocolloids improve product 
texture by giving body to liquid formulations and producing milk gels, such as flavored milk or 
yoghurt drinks, custards, flans and puddings. In ice cream, hydrocolloids help prevent ice crystal 
growth caused by temperature variations upon storage and also provide a slow meltdown behavior 
through their water-binding ability (Syrbe, et al., 1998a). On the other hand, hydrocolloids are used 
in acidified milk-fruit drinks, chocolate milk, cream, evaporated milk and infant formulas since they 
can increase dairy products' shelf life by decreasing or slowing wheying off, settling of dispersed 
particles or creaming and flocculation of emulsion droplets (Phillips & Williams, 2009; Syrbe, et al., 
1998a). In summary, hydrocolloids are widely used as stabilizers, thickening or gelling agents in 
dairy products, but their concentration levels have to be carefully controlled since their interactions 
with the other macromolecules present in the dairy system would affect the properties of the final 
food products. 
 
2.4.1.  Interaction with Protein 
2.4.1.1.  Milk proteins 
Normal bovine milk is a highly complex system that contains approximately 3.5% by weight 
protein; the protein is traditionally divided into two main fractions based on solubility. The caseins, 
which comprise about 80% of the total nitrogen in milk (Atamer, et al., 2017), are insoluble at their 
isoelectric points (~ pH 4.6) at temperatures > 8 °C and precipitate from milk under these 
conditions, while 20% of the total nitrogen remains soluble in the serum, about 15% being whey 
proteins and the remainder being non-protein nitrogenous components.  
 
The highly heterogeneous casein fraction comprises four principal primary proteins (gene products), 
namely αs1-, αs2-, β- and κ-caseins, the γ-caseins (proteolytically derived from β-casein) and several 
minor proteins and peptides (Atamer, et al., 2017; O'Regan, et al., 2009). The whey protein fraction 
is also highly heterogeneous and includes the principal whey protein, β-lactoglobulin, α-lactalbumin, 
blood serumalbumin, immunoglobulins, β-casein-derived proteose peptones, numerous minor 
proteins, including lactoperoxidase and lactotransferrin, and various enzymes (O'Regan, et al., 
2009). Unlike the caseins, the whey proteins have globular conformations with high proportions of 
their sequences in ordered structures. Most of the whey proteins are also insoluble at their 
isoelectric points (~ pH 5) at very low ionic strength, and they are soluble at this pH in the ionic 
environment of milk. 
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Caseins are extremely heat-stable proteins, whereas the whey proteins denature on heating at ~ 
70 °C. At its normal pH (~ 6.7), milk may be heated at 140 °C for 20 min. before coagulation 
occurs; however, on heating milk at > 72 °C, whey proteins denature and interact with casein to 
form a complex (O'Regan, et al., 2009).  
 
2.4.1.2.  Interaction 
Polysaccharides and proteins are the two main components in foods that play a key role in the 
formation or stabilizing the building blocks of structure and texture. Also, they are usually used 
simultaneously in the food industry, especially in dairy products. As mentioned in section 2.2.1, 
most of the hydrocolloids are polysaccharides; the interactions between proteins and hydrocolloids 
play a key role in the structure and stability of processed foods. In the development of novel food 
processes and products, control or manipulation of these macromolecular interactions is a main 
factor (Albano, et al., 2019; Corredig, et al., 2011). 
 
 
Fig. 2.4.  Main trends in the behavior of polysaccharide/protein mixtures 
 
When mixing proteins with polysaccharides, one may observe either one of the following 
possibilities as depicted in Fig. 2.4. The interactions can be segregative (the biopolymers repel each 
other and are denoted as incompatible) or associative (the biopolymers attract one another) in nature 
(Albano, et al., 2019; Dickinson, 2008). Only under very specific conditions of concentration and 
polymer ratios, such as in very dilute solutions, a homogeneous mixture of co-soluble polymers can 
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be obtained as the mixing entropy dominates in the system (Corredig, et al., 2011). The interactions 
between proteins and polysaccharides can improve the stability or cause macroscopic 
destabilization depending on the types of the polymer used, concentration of the polysaccharide 
present, and the environmental conditions of the food systems (e.g. pH, temperature and ionic 
strength). These effects are acceptable, when the result is a complex formed improves the stability 
of colloids, or must be avoided, for example when a bulk of two separated phases are formed (de 
Kruif, et al., 2004). A number of literature have reviewed how polysaccharide molecules may 
interact with proteins and adsorb to more than one colloidal particle forming bridges or aggregated 
structures, or may show incompatibility, forming regions depleted of polymer and drawing protein 
particles closer to one another (Doublier, et al., 2000; Grinberg & Tolstoguzov, 1997). 
 
Associative interactions usually happen due to the electrostatic attraction between oppositely 
charged portions of proteins and polysaccharides. Hydrophobic interactions and hydrogen bridging 
also play roles in the stabilization of the complexes formed between proteins and polysaccharides 
(Doublier, et al., 2000; Turgeon, et al., 2007). When the electrostatic repulsion forces are minimized 
and charged patches of the molecules interact together (de Kruif, et al., 2004; Turgeon, et al., 2007; 
Wagoner, et al., 2016) at specific pH values, the soluble complexes would form. The most known 
synergistic interaction of protein-polysaccharide is kappa carrageenan with milk protein. Kappa 
carrageenan can interact with the kappa casein component in milk, since when used in low levels in 
dairy products it would give a weak gel network to prevent whey separation during manufacture 
and storage, such as ice cream, cream cheese, dairy desserts and milk shake mixes. In some 
conditions, a mixture of proteins and polysaccharides is unstable. In the case of polysaccharides that 
adsorb onto the protein surfaces, if the amount of polymer is not large enough to completely cover 
the protein, a polysaccharide may adsorb onto more than one protein surface, thereby bridging two 
or more protein particles to cause coacervation at the end. Syrbe denoted such process as complex 
coacervation (Syrbe, et al., 1998a). The main forces involved in associative complexation of 
proteins and polysaccharides are electrostatic in nature, thus the extent of the interactions depends 
on environmental conditions (i.e. pH and ionic strength). The type of aggregates formed is also 
influenced by stiffness and charge density of polysaccharide (Weinbreck, et al., 2004). 
 
Adding non-adsorbing polysaccharides or protein-based hydrocolloids would induce attraction 
between proteins, which eventually lead to phase separation (de Kruif, et al., 2004). Phase 
separation is a well-known phenomenon in colloid. It is generally recognized that colloidal 
suspensions can be regarded as supramolecular fluids of particles in a continuous phase (Albano, et 
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al., 2019; Poon & Haw, 1997). Concentrated colloidal suspensions exhibit similar states to those of 
molecular systems, such as gas, liquid, crystal and glass. Corresponding to the phase states of atoms 
at high temperatures and high densities, only a fluid and crystal phase can be observed when 
attraction between colloidal particles is absent. Lowering the temperature in molecular systems or 
adding non-adsorbing polymers would increase the effective attraction between the colloids, 
leading a colloidal fluid phase separate into a colloidal gas and a colloidal solid for short-ranged 
attractions or into a colloidal gas and liquid for long-ranged attractions. Thus the biopolymer 
mixture is stable, separates into two phases, or forms complexes, which eventually may phase 
separate as well (de Kruif, et al., 2004). 
 
2.4.2.  Interaction between hydrocolloids 
Hydrocolloid-hydrocolloid interactions are also important in almost all gelled foods (de Kruif, et al., 
2004; Phillips & Williams, 2009). Although most of such interaction effects are non-specific, there 
are a few frequently applied or famous examples of specific interactions, which can only take place 
due to the specific molecular or supra-molecular structures (Syrbe, et al., 1998a). The most 
important is the synergistic effect of kappa carrageenan and locust bean gum (LBG). The synergism 
between them can form gels similar to gelatin gels that are strong but elastic with low syneresis, this 
applied in cake glaze and flan gels, and water dessert gels (Phillips & Williams, 2009). This effect 
is also used in many gelling application of carrageenan (table jellies), however this is not applied in 
meat injection and dairy application since the undesirable viscosity effects in brine and no synergy 
in milk system (Williams & Phillips, 2002). Other examples are pectin and alginate (in the absence 
of calcium), LBG and xanthan, and interaction between konjac flour and carrageenan (Williams & 
Phillips, 2004). 
 
The most important non-specific hydrocolloid-hydrocolloid interaction effects include charge 
effects, incompatibility, steric hindrance and ‘excluded volume’ effects (if hydrocolloids are present 
as supramolecular structures such as a swollen starch granule). In the case of two gelling agents, 
theoretically four situations may occur (Laaman, 2010): phase-separated network, interpenetrating 
network, coupled network, or only one gelling agent is active (the other one is present without 
contributing to any continuous network). Most normal examples of coupled networks are the gels 
formed by carrageenan/LBG or konjac flour/carrageenan, in addition, in milk system carrageenan 
linked to casein micelles to build coupled network. However, in most cases systems contain more 
than one gelling agent either form phase-separated weak gels or the network formed is only by one 
of the gelling agents (Williams & Phillips, 2004). Generally, if only consider gel strength, blends of 
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gelling agents are less effective compared with one gelling agent. For example, kappa carrageenan 
milk gels with starch are weaker than pure carrageenan milk gels, although the starch contributes 
considerably to the sensory properties of the product (Verbeken, et al., 2006). 
 
2.4.3.  Interaction with others  
When other food particles are present in the system, the main interaction effects with hydrocolloids 
are adsorption, depletion flocculation, and charge effects, which can result in both flocculation and 
stabilisation (Phillips & Williams, 2009). When hydrocolloids are added to milk and ice cream mix 
and the system is kept at high enough temperatures to maintain a liquid state, depletion flocculation 
would destabilize this system. However, ice cream mix can be stabilized from depletion 
flocculation (induced by ice crystal growth) through forming a weak gel with carrageenan (Laaman, 
2010). 
 
As mentioned in 2.1.3.2, using hydrocolloids to replace fat attracting a lot of attention based on 
people's health consciousness. However, there is still existing fat in most of the products. Fat is 
easily flocculated with protein or itself in dairy system, which would decrease the appearance of 
products with extension of the storage time and damage the texture during consumption. Adding 
hydrocolloids in system can stabilize the food particles (like fat) since it can coat the fat molecule 
and minimize the interaction with other fat or protein. Ionic gelling agents are sensitive to changes 
in system's ionic strength. Such as carrageenan and alginate, the insolubility of gelling agents would 
be resulted by increasing salt content. Since the optimum level of gelling ions (Ca2+, K+) is reduced 
at high ionic strengths (Williams & Phillips, 2004). 
 
Sugar, one of most used ingredients in food industry, generally results in stronger apparent gel 
strength and higher setting-melting temperature up to levels of about 60% because of the higher 
viscosity of water phase caused by the increase of total modulus and hydrogen bonding between 
water and hydrocolloids suffers less than water-water hydrogen bonding (Phillips & Williams, 
2009). As the only gels to truly melt in the mouth, the gelatin gels can melt at body temperature, but 
when sugar levels are increased in system this is no longer true. For example, the setting 
temperature of kappa carrageenan gels changes from 60 °C at 40% sugar to 85 °C at 60% sugar 
(Williams & Phillips, 2004). The brittleness of gels is reduced when the sugar level increases since 
higher contribution of viscous component in the viscoelastic system. The solubility reduced at sugar 
level above 60%, too high levels of gelling salts, or pre-gelling (because of too high setting 
temperatures) can result in lower gel strength. Besides, the type of sugar is also important. It has 
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been shown that the amount of equatorial OH groups determines the effect of a sugar on the gel 
setting temperature (Williams & Phillips, 2004). 
 
Considering the complexity of hydrocolloids-proteins or hydrocolloids-particles interactions in food 
systems, in order to describe the molecular details occurring during changes in food processing, 
storage or digestion, using some techniques to gather complementary information is essential. The 
formation of the structure of a dairy matrix is largely affected by the nature of the biopolymers (e.g. 
molecular weight, charge, distribution of charges), the ratio between the polymers and their 
concentration, and even the environmental conditions (Phillips & Williams, 2009). A number of 
techniques have been proven useful in providing information on the overall mechanisms involved 
during structuring of dairy products containing hydrocolloids. For example, the nature of the 
interactions and the dynamics of structuring during processing of dairy products, rheological 
techniques, spectroscopic, light scattering, and microscopic methods have been employed. Besides 
other powerful techniques such as nuclear magnetic resonance (NMR), fluorescence recovery after 
photo-bleaching and diffusing wave spectroscopy are also used to obtain information on the 
diffusivity of macromolecules in mixed systems. 
 
2.5.  Saliva 
During food consumption, food is treated through two major ways: (I) the food is squeezed and 
sheared between the tongue and palate and is broken down the particle size by mastication and (II) 
these particles or a liquid food emulsion would reside for a few seconds in the mouth. During this 
time, they are subjected to a wide range of physical and biochemical conditions, including being 
lubricated by mixing with saliva and air, heating or cooling to body temperature (37 °C) and shear 
between the epithelial surfaces of the tongue and the oral palate (Prinz & Lucas, 1995; Sarkar, et al., 
2017; Wang & Chen, 2017). The presence of saliva is essential in these series oral processing. 
 
2.5.1.  Introduction of saliva 
Saliva is a complex heterogeneous biological fluid, consisting mainly 99.5% of water, 0,3% of 
different proteins (such as enzymes, mucines and proline rich proteins), small organic compounds 
and inorganic salts (Sarkar, et al., 2009). For healthy individuals, the natural pH of saliva is fairly 
neutral ranging between 5.6 and 7.6, with an average of 6.75 (Jenkins, 1978).  
 
Saliva is secreted by different glands and is susceptible to various properties depending on many 
factors, like the type of the salivary gland and stimuli (Silletti, et al., 2008; Wang & Chen, 2017). 
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The majority of oral saliva secreted from the three pairs of major salivary exocrine glands: the 
paired parotid gland, the sublingual gland and the submandibular gland. Other sources responsible 
for the production of saliva are the gingival crevicular sulci (area between tooth and marginal-free 
gingival) (Chen, 2009). Saliva from the paired parotid gland does not contain mucins and its 
viscosity is slightly higher than water, which is shear rate-independent (Silletti, et al., 2008). 
Oppositely, sublingual saliva shows a clear shear-thinning behavior and plays a key role in the 
prevention of oral dryness due to its high viscosity and elasticity (Silletti, et al., 2008). 
Submandibular saliva plays an important role in the lubrication during speaking and swallowing, 
and bolus formation since it exhibits lower elasticity than sublingual saliva. 90% of saliva is 
produced from major salivary glands, with the remaining 10% coming from minor glands 
(Humphrey & Williamson, 2001). 
 
The mean rate for unstimulated saliva flow was 0.43 ml/min (or 26 ml/h), within a range between 
0.042 and 1.83 ml/min (or 2.5 and 110ml/h), and the rate would increase to between 0.77 and 4.15 
ml/min (46 and 249 ml/h) when stimulated (Jenkins, 1978) . In 2005, Engelen et al. investigated the 
saliva flow rate at different times during a day (between 8:30 am and 2:30 pm). In their study, the 
unstimulated saliva flow rate was found little changed throughout the day although the highest rate 
of the stimulated saliva flow is during the early morning and at around noon time (Engelen, et al., 
2005). 
 
2.5.2.  Function of saliva 
Saliva plays a vital role in food oral processing and in maintaining oral health (Chen, 2009; Wang 
& Chen, 2017). Saliva has a number of physical functionalities and biological benefits, such as 
maintaining teeth integrity, providing antibacterial activity, helping lubrication and protection 
(Humphrey & Williamson, 2001). During consumption, food products are diluted and mixed with 
saliva to form food boluses, which are smooth and lubricated portion of mechanically broken down 
food and easily to be swallowed (Pedersen, et al., 2002). As shown in a study, saliva is important 
for lubrication as the whole mouth saliva reduced the in-mouth coefficient of friction significantly, 
facilitating manipulation of food in the oral cavity and swallowing (Elkhyat, et al., 2006). The large 
salivary proteins---mucins (highly glycosylated protein, consisting of around 80% carbohydrates 
primarily N-acetylgalactosamine, N-acetylglucosamine, fucose, galactose, and sialic acid and traces 
of mannose and sulphate) ---are believed to influence the lubrication and hence perhaps the 
perception of attributes such as smoothness and astringency (Kallithraka, et al., 2001; Noble, 1995). 
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Besides the key role saliva plays in the breakdown, saliva is also expected to be involved in the 
perception of the taste, flavor and texture of foods. The effects of saliva on food leading to changes 
in perception are plentiful. For example, mixing of saliva with food can have a diluting effect, play 
a key role in initial breakdown of food, affect flavor release, transport the taste compounds to the 
taste buds, act as a buffering system and even affect the degree to which people perceive sourness 
(Engelen, et al., 2005; Sarkar, et al., 2017; van Ruth, et al., 2001). 
 
In addition, saliva could also interact with food components, leading to structure formation or 
structure breakdown. It has shown that saliva could lead a depletion flocculation of neutral or 
weakly negatively charged emulsion droplets to give emulsion an enhanced sensory feeling (Silletti, 
et al., 2008). Amylase, the dominating enzyme salvia contains, can cause breakdown of mixed 
protein/starch gels (Janssen, et al., 2009) or decrease the viscosity of starch product, such as 
custards (Engelen, et al., 2005) since it plays an important role in an early breakdown of starch 
components, all of these activities would affect mouth feel perception during consumption. In 
addition, the interaction of amylase enzyme with starch ingredients produces almost an immediate 
effect on hydrolysis, and thus making the food much easily mixable and digestible in the stomach. 
Besides, some authors postulated that an interaction of saliva and hydrocolloids could change the 
microstructure and rheology of products, which affect the perceptions consumers feel (Choi, et al., 
2014).  
 
2.6.  Conclusion from the literature review 
Gelatin, κ-carrageenan and LM pectin are three main hydrocolloids used in dairy products since 
they can act as stabilizers, thickening or gelling agents. Curdlan is the new food hydrocolloids that 
has been approved and is considered safe as food additive. With the increasing of health 
consciousness, low-fat or no-fat products are occupying a bigger market. In order to maintain or 
improve the texture of products, hydrocolloids are ideal used as fat replacer. Better understanding 
the physiochemical properties of hydrocolloids can extend their application in real dairy or food 
industrial use.  
 
Thus, in this research, the basic properties of four selected hydrocolloids (gelatin, κ-carrageenan, 
LM pectin and curdlan) in water firstly studied in the concentration range used in dairy products 
with different pH values and addition of salts. In the second stage, these four hydrocolloids were 
put in systems contain protein (with different casein to whey protein ratios) to study their 
interaction and the effect on the viscosity, tribology and gelation property of the resulting solution. 
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At the same time, the microstructure of the mixed systems studied to set up the relationship between 
microstructure image and apparent phenomenon. All these can help us to better understand how 
hydrocolloids interact with main constituents (milk protein) in dairy systems. In the last part of this 
study, the four selected hydrocolloids were incorporated into real dairy products to investigate the 
influence on rheology & tribology property and sensory perception of the final products. 
Furthermore, new knowledge on sensory profiling of dairy products (chocolate milk and low-fat 
yoghurt) using TDS techniques was established. The interaction of persons' texture perceptions 
during food consumption and the tribo-rheology properties of products with saliva was also be 
investigated.
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Chapter 3.  
 
Tribo-rheometry behaviour and gel strength of κ-carrageenan and gelatin solutions at 
concentrations, pH and ionic conditions used in dairy products (*) 
 
Abstract 
Understanding the flow and lubrication properties of hydrocolloids commonly used to enhance the 
mouthfeel properties of various dairy products can provide valuable information to manufacturers. 
The current study examined the lubrication (tribology) and rheological properties of gelatin (0.2–
3.0%, w/w) and κ-carrageenan (0.01–0.7%, w/w) solution in the concentrations ideally added in 
dairy products in the presence of KCl (0–0.3%, w/w) and CaCl2 (0–3.0%, w/w) within the pH range 
of 4.0–8.0. Additionally, the hardness and fracturability of the corresponding gels formed at various 
pH, ionic and concentration of gelatin and κ-carrageenan conditions were determined using a 
texture analyser. Both the flow and tribological behaviors depended on the pH, addition of salts and 
dosage of hydrocolloids. Near its isoelectric point, gelatin solution had the lowest viscosity, gel 
strength, lubrication property and poor visual aspect of formed gel. κ-Carrageenan solution had the 
highest viscosity and best lubrication property at neutral pH. The strength of formed gels from 
κ-carrageenan solution was low in acid condition, and the formed gels had unchanged visual aspect. 
Adding salts improved the viscosity and tribology property, and to some extent increased the gel 
strength while lower gel strength was obtained when the addition of CaCl2 was beyond 0.8% for 
κ-carrageenan formed gel. κ-Carrageenan increased the viscosity more significantly than gelatin. 
However, the gelatin solution exhibited good lubrication property during low and medium sliding 
speed, which is good for soft dairy products that do not require much chewing.  
 
 
 
 
 
                               
(*) This chapter has been published as a research paper in Food Hydrocolloids (IF = 5.089): ZHU, 
Y., BHANDARI, B., & PRAKASH, S. 2018. Tribo-rheometry behaviour and gel strength of 
κ-carrageenan and gelatin solutions at concentrations, pH and ionic conditions used in dairy 
products. Food Hydrocolloids, 84, 292-302. The manuscript was modified to keep the format 
consistent throughout the thesis.  
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3.1.  Introduction 
Food hydrocolloids are macromolecule particles 10–1000 nm in diameter when dispersed in water 
as a continuous phase (van Olphen, 1975). They are widely used as an additive in food, to control 
and regulate colloidal state, texture, flavour, and shelf life of products. Hydrocolloids perform many 
functional roles in dairy products, including emulsification, gelation, thickening, stabilizing foams 
and dispersions, controlling the release of flavour and acting as texture modifier (Chung, et al., 
2013). Gelatin and carrageenan are two most common cold-setting hydrocolloids used in dairy 
products. 
 
Gelatin, a water-soluble denatured fibrous derived protein, is generally obtained through thermal 
hydrolysis of collagen in animal tissues (Kim, et al., 2014). Gelatin is the only food material that 
gels and melts reversibly under the normal human body temperature (37 °C). Due to this unique 
property, along with a wide range of other potential functionality, gelatin has become one of the 
most used versatile natural products, especially in food and pharmaceutical products (Yang, et al., 
2007). In the food industry, gelatin has variety of applications including gel formation in cheese, 
foam formation and stabilization in ice cream, emulsion stabilization in meat products, syneresis 
stabilization in yoghurt (Gómez-Guillén, et al., 2011).  
 
Carrageenan is a naturally occurring anionic sulfated linear galactan polysaccharide (Prajapati, et al., 
2014; van de Velde, et al., 2002). The backbone of carrageenan is formed of D-galactose units (G) 
linked alternately with α-(1 → 3) and β-(1 → 4) linkages (Tojo & Prado, 2003). In the food 
industry, carrageenan is popularly used as a food additive in the production of a wide range of 
processed foods, such as dessert, sauces, milk, yoghurt, meats and infant formula (Chan, et al., 
2013). Carrageenan usually acts as gelling agent, emulsifier, bulking agent, carrier, stabiliser or 
thickener (Chan, et al., 2013). Especially for dairy products, carrageenan can improve texture, 
thickness, and solubility (Prajapati, et al., 2014). It can successfully prevent separation and maintain 
texture when added in small amounts (around 0.3%) in milk gels (e.g. custards, flans, and creamy 
fillings), whipped cream, yoghurt, and milkshakes, and 0.03% in frozen desserts and liquid milk 
products (Piculell, 2006). 
  
Most of the previous studies focused on the properties of gelatin/carrageenan solution at high 
concentration (above 5.0%, w/w) with very few reported works at levels used in dairy application. 
The used level of both gelatin and carrageenan in dairy products is quite low. The used range for 
gelatin is from 0.2 to 3% (w/w) in water, and for carrageenan the level is 0.01–0.7% (w/w) in water 
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(Phillips & Williams, 2009). Understanding the fundamental physico-chemical properties of pure 
gelatin/carrageenan solution in the range used in dairy products has value to the dairy processing 
industry. 
 
In the dairy industry, pH is an important characteristic of the final dairy products and hence closely 
monitored. Besides, most dairy products add salts like potassium chloride (KCl) and calcium 
chloride (CaCl2) that impacts the ionic strength of the product affecting the physio-chemical 
properties of gelatin/carrageenan in aqueous solution (Karayannakidis & Zotos, 2015; Qiao, et al., 
2013). To expand the application of gelatin/carrageenan in dairy products, an understanding of how 
properties of these pure hydrocolloid solutions are impacted by pH and common food components, 
such as salts, is important. 
 
Hydrocolloids impact the flow and lubrication behaviour of the dairy product, thus plays a role in 
the perception of texture and mouthfeel. Until recently the texture and mouthfeel of food were 
related to viscosity measured using a rheometer (Nguyen, et al., 2016). However, it has been 
observed that the viscosity behaviors of the food do not correlate with some aspects of the sensory 
mouthfeel, such as creaminess and smoothness (Nguyen, et al., 2016). Therefore, the application of 
tribology to predict the mouthfeel properties of foods is of growing interest to many food scientists. 
To the best of my knowledge, there are few studies evaluating the tribological property of dairy 
products with gelatin/carrageenan addition (Godoi, et al., 2017; Nguyen, et al., 2017), however the 
study of tribological property of pure gelatin/carrageenan solution is lack. 
 
Gelation is another key property for gelatin/carrageenan since it plays an important role in yoghurt 
and cheese making. Hence, the objectives of this work were to investigate the effect of the 
incremental amount of hydrocolloids, salt addition and pH on the physico-chemical characteristics, 
including lubrication properties of the resulting hydrocolloids (gelatin and carrageenan) solution in 
the range added to dairy products. This study provides valuable information on how 
gelatin/carrageenan solutions are influenced by the product environment (pH, ionic condition) and 
extends this understanding to real industrial product application. 
 
3.2.  Materials and methods 
3.2.1.  Materials 
The two hydrocolloids (gelatin and carrageenan), potassium chloride and calcium chloride used in 
this study were obtained from Melbourne Food Depot (Melbourne, Australia). The gelatin was a 
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light colored edible bovine skin (type B) powder with bloom 220. The Kappa type carrageenan 
(κ-carrageenan; molecular weight > 200KDa, degree of sulfation is around 25–30%), was also a 
light coloured commercial products commonly used in the food industry. All the reagents and 
chemicals (including citric acid and sodium hydroxide) were of food grade and used without further 
purification. 
 
3.2.2.  Sample preparation 
Gelatin solutions (0.2, 0.5, 1.0 and 3.0%, w/w) were prepared by allowing the gelatin to swell in 
distilled water for about 18 h in a cold room at 5 °C followed by heating at 45 °C for 30 min. 
κ-Carrageenan solutions (0.01, 0.05, 0.25 and 0.7%, w/w) were prepared by allowing the 
κ-carrageenan to swell in distilled water for about 30 min followed by heating at 75 °C for 30 min. 
The pH of the gelatin and κ-carrageenan solutions was then adjusted to 4.0, 5.0, 6.0, 7.0 and 8.0 
with 1 M citric acid or 1 M sodium hydroxide. For solutions prepared for gels, the concentration 
chosen for gelatin was 1.0 and 3.0% (w/w), and 0.7% (w/w) for κ-carrageenan. The concentrations 
of KCl and CaCl2 used for the experiments were 0.1–0.3% and 0.1–3% (w/w), respectively. Salt 
powders and hydrocolloids were dissolved together in distilled water and the pH was then adjusted 
to 5.0 after heating. 
 
3.2.3.  Flow curves of solutions 
Viscosities of gelation/κ-carrageenan solutions were measured using steady state shear 
measurement. All the measurements were carried out in shear rate-controlled rheometer (Discovery 
Hybrid Rheometer, TA Instrument, USA) using 60 mm stainless steel cone plates (2°) with 51 mm 
truncation gap for the shear rate ranging from 0.1 to 1000 s-1. A solvent trap cover was used to 
mitigate sample drying during the experiment. At the beginning of each test, the samples were 
equilibrated for 120 s at 37 °C and subjected to a pre-shear for 30 s at a shear rate of 0.1 s-1. All 
tests were performed at 37 °C and conducted in triplicate. 
 
3.2.4.  Tribological measurement procedure 
Tribological measurements were performed on a Discovery Hybrid Rheometer, using ring on plate 
tribo-rheometry (Discovery Hybrid Rheometer, TA Instrument, USA) on a rough plastic surface of 
3M Transpore Surgical Tape 1527-2 (3M Health Care, USA). The stresses are difficult to compute 
(TRIOS Manual (2013)) when using spherical geometry (Joyner, et al., 2014b; Ranc, Servais, et al., 
2006) to measure tribology since the contact surface area could be a single point or a full circle 
whose diameter depends on the moduli of the substrate and applied normal force. Therefore, in this 
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work a half-ring geometry, which is a ring interrupted in three sections such that only half of the 
ring is in contact with the substrate, was used to permit the replenishment of lubricant between the 
two solid surfaces. The advantage of using ring on plate rheometry is that it has a well-defined 
contact surface for an accurate computation of the friction and normal stress especially for soft 
substrates (TRIOS Manual (2013)). The hydrophobic rough surface of human tongue was modeled 
using 3M Transpore Surgical Tape 1527-2 (Nguyen, et al., 2016). The tape was cut in a square 
shape, placed and pressed firmly on top of the lower plate geometry. After each measurement, the 
tape was replaced and the tribo-rheometry was cleaned and dried with deionised water and 
laboratory wipes. 
 
The tribology measurements were performed at 37 °C to simulate the oral processing condition. 
Since the in-mouth force was reported to be between 0.01 and 10 N (Miller & Watkin, 1996), the 
normal forces of 1 N and 2 N was used to represent the moderate normal force applied on samples 
during oral processing. The samples were pre-sheared at the speed of 0.01 rad/s for 1 min, and then 
equilibrated for 2 min before each measurement. The results were recorded for rotational speeds 
from 0.01 to 300 mm/s with 10 points per decade. All measurements were conducted in triplicate. 
 
3.2.5.  Texture analysis 
Texture measurements were performed using a TA-XT2 Texture Analyser (Godalming, Surrey, 
UK). Samples were transferred to an incubator at 4 °C after the pH was adjusted, and kept for 17 ± 
1 h for maturation before measurement. To keep the temperature consistent between samples, the 
testing was done immediately after the samples were removed from the 4 °C refrigerator. All 
measurements were carried out in triplicate. The probe used was cylindrical with a flat base of 12.7 
mm diameter, operating at a speed of 1 mm/s. The sample height was 30 mm in a cylindrical 
container of about 40 mm. The probe penetrated the gel during a total displacement of 10 mm. Two 
parameters were obtained from the force-time curves: (a) fracturability (g), defined as the force at 
the first significant break in the curve; (b) hardness (g), defined as the highest value during testing 
(Fiszman & Salvador, 1999).  
 
3.2.6.  Statistical analysis 
For all the physical tests, experimental data were assessed by one-way ANOVA with SPSS 
software 22.0 (SPSS, Chicago, IL) and Tukey test for pairwise comparison to determine the 
significant differences among the samples. A p-value of < 0.05 was considered statistically 
significant. 
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3.3.  Results and Discussions 
3.3.1.  Flow behaviour 
The flow behaviour of the gelatin (0.2, 0.3, 1.0 and 3.0%, w/w) and κ-carrageenan (0.01, 0.05, 0.25 
and 0.7%, w/w) solutions at different conditions (different pH, salt addition and hydrocolloids 
concentration) at 37 °C showed a typical shear thinning behavior. 
 
For gelatin solutions, the flow pattern at different conditions were similar, which means pH, salt 
addition and concentration changes did not significantly influence its flow behavior and they were 
all shear thinning. With κ-carrageenan solution, the flow behaviour remained unaffected with 
concentration and pH changes, but the addition of salts (KCl and CaCl2) altered the pattern of 0.7% 
κ-carrageenan solution as observed in Fig. 3.1. This may be due to the change in gelling 
temperature of κ-carrageenan solution with salt addition, as shown in Appendices Table III. A1.  
 
 
Fig. 3.1.  Viscosity of κ-carrageenan (0.7%, w/w) solution with different levels of added salts at 37 °C and pH 5.0: (A) 
KCl, (B) CaCl2 
 
It is well known that, gelatin and κ-carrageenan are popular ingredients used in dairy products for 
their unique properties. Some researchers studied their applications in dairy products, such as 
yoghurt, cheese and milk and observed their ability in preventing syneresis, changing mechanical 
properties of cheese and increasing the viscosity (Fiszman & Salvador, 1999; Li, et al., 2008). 
However, there is still a lack of understanding as to how the final products' properties (viscosity and 
lubrication degree) change in relation to the quantity they are added and other surroundings (pH or 
salt addition). Since the viscosity at shear rate of 50 s-1 has been suggested to have a good 
correlation with perceived thickness, stickiness and sliminess for a wide range of food products 
from Newtonian fluid to thick emulsion (Shama & Sherman, 1973), the effects of pH, concentration 
and salts on the viscosity values at the shear rate 50 s-1 (η50) was studied. Tables 3.1 and 3.2 present 
the η50 for all gelatin solutions, and the η50 apparent viscosity values ranged from 1 to 3 mPa·s. In 
Tables 3.3 and 3.4, η50 was presented for all κ-carrageenan solutions. The influence of pH, 
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concentration and salts for gelatin/κ-carrageenan solutions is discussed in sections 3.3.1.1 and 
3.3.1.2, respectively. 
 
3.3.1.1.  Effect of salts, pH, and concentration on the viscosity of gelatin solution  
(a) Effect of salts  
The viscosities of gelatin solution with added salts are shown in Table 3.1. For 1.0% gelatin 
solution, the addition of KCl and CaCl2 at a low concentration range (00.3%) did not increase the 
viscosity, however the viscosity increased significantly for 3.0% gelatin solution. The viscosity of 
3.0% gelatin solution increased from 2.04 ± 0.02 mPa·s at 0% KCl to 2.10 ± 0.01 mPa·s at 0.3% 
KCl (Table 3.1). In this study the pH of gelatin solution was 5.0, near its isoelectric point (pI ≈ 5.3). 
Gelatin is a typical amphoteric biopolymerwhich contains both positive and negative charges 
depending on the functional groups (amino and carboxyl groups) present in the molecule. Near its 
pI, the gelatin chain conformation is contracted due to the attractive forces between the opposite 
charges along each gelatin molecule and possible internal hydrogen bonding among them (Yuan, et 
al., 2011). The addition of salts causes molecular extension of gelatin due to the shielding of 
electrostatic interactions (Qiao, et al., 2013). This extension increases the intermolecular interaction 
among gelatin molecules that increase the viscosity, however when the gelatin concentration is low 
(1.0% in this study) the gelatin molecules have low probability to interact, thus the viscosity had no 
significant increase in this study. 
 
In addition, the viscosity of 1.0% gelatin solution was around 1.28 mPa·s with the addition of KCl 
in the range 0–0.3%, it was similar for 1.0% gelatin solution with CaCl2 added. The same 
phenomenon was observed with 3.0% gelatin solution (Table 3.1), suggesting no significant 
different between the influence of KCl and CaCl2 for the same gelatin concentration.  
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Table 3.1.  The viscosity values at the shear rate of 50 s-1 (η50) for 1.0 and 3.0% gelatin solution with salts addition at 
pH 5.0 at 37 °C 
Gelatin Concentration (w/w%) KCl Concentration (w/w%) Apparent Viscosity (mPa·s)* 
 
1.0 
0.0 1.29 ± 0.01d 
0.1 1.27 ± 0.03d 
0.2 1.29 ± 0.01d 
0.3 1.28 ± 0.02d 
 
3.0 
0.0 2.04 ± 0.02b 
0.1 2.02 ± 0.06b 
0.2 2.06 ± 0.04b 
0.3 2.10 ± 0.01b 
Gelatin Concentration (w/w%) CaCl2 Concentration (w/w) Apparent Viscosity (mPa·s)* 
 
 
 
1.0 
0.0 1.29 ± 0.01d 
0.1 1.27 ± 0.03d 
0.2 1.27 ± 0.01d 
0.3 1.31 ± 0.02d 
0.8 1.33 ± 0.01d 
2.0 1.45 ± 0.13c 
3.0 1.60 ± 0.38c 
 
 
 
3.0 
0.0 2.04 ± 0.02b 
0.1 2.04 ± 0.07b 
0.2 2.13 ± 0.01b 
0.3 2.12 ± 0.02b 
0.8 2.14 ± 0.01a 
2.0 2.18 ± 0.09a 
3.0 2.25 ± 0.05a 
*Values are mean ± standard deviation for triplicate measurements (n=3). Different superscripts in the same column indicate significant differences (p < 0.05) 
 
(b) Effect of pH and concentration  
As mentioned earlier, gelatin is an amphoteric biopolymer, the net charge on gelatin molecule can 
become more positively or negatively charged due to the loss or gain of protons (Yuan, et al., 2011), 
depending on the pH of its surrounding environment. The resulting viscosities of gelatin solutions 
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5.0 or 6.0, near its pI, and increased with the pH away from its pI. For example, the viscosity was 
2.04 ± 0.02 mPa·s for 3.0% gelatin solution at pH 5.0, and increased to 2.74 ± 0.03 mPa·s at pH 8.0 
(Table 3.2). This phenomenon of change in viscosity with pH can be related to the changes in the 
molecular shape of gelatin. The addition of acid or alkali leads to the formation of a net positive or 
negative charge distributed along gelatin chain (Phillips & Williams, 2009). The excess charges 
repel each other, extending the gelatin molecules thereby making the solution more viscous. From 
the viscosity results it is clear that the pH of environment can affect electrostatic interactions 
influencing the molecular conformation of gelatin, and hence change their flow behaviour. The 
behavior of gelatin solution in this study is in agreement with the work of Yuan et al. (2011), who 
observed the viscosity of amphoteric electrolyte (such as gelatin) was at a minimum at its isoelectric 
point and increased in both the acidic and alkaline regions even at extremely dilute concentrations 
(0.04%) . 
 
Table 3.2 also shows that the viscosities at low concentration (0.2 and 0.5%) of gelatin solution 
were very similar. However, when the concentration of gelatin solution increased from 0.2 to 3.0%, 
the viscosity significantly increased from 0.97–1.06 mPa·s to 2.04–2.74 mPa·s (Table 3.2). This can 
be associated with the increase of the intermolecular frictional resistance between gelatin molecules 
and the decrease of the molecular mobility at higher concentration of gelatin as suggested by Li and 
Cheng (2006). 
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Table 3.2.  The viscosity values at the shear rate of 50 s-1 (η50) for 0.2, 0.5, 1.0 and 3.0% gelatin solution under 
different pH values at 37 °C 
Gelatin Concentration (w/w%) pH Apparent Viscosity (mPa·s)* 
 
 
0.2 
4.0 0.99 ± 0.01h 
5.0 0.99 ± 0.01h 
6.0 1.00 ± 0.01h 
7.0 0.97 ± 0.02h 
8.0 1.06 ± 0.03g 
 
 
0.5 
4.0 1.11 ± 0.05f 
5.0 1.07 ± 0.01g 
6.0 1.06 ± 0.01g 
7.0 1.09 ± 0.04f 
8.0 1.12 ± 0.02f 
 
 
1.0 
4.0 1.45 ± 0.09d 
5.0 1.29 ± 0.01e 
6.0 1.25 ± 0.04e 
7.0 1.44 ± 0.06d 
8.0 1.45 ± 0.07d 
 
 
3.0 
4.0 2.69 ± 0.02a 
5.0 2.04 ± 0.02c 
6.0 2.29 ± 0.04b 
7.0 2.69 ± 0.02a 
8.0 2.74 ± 0.03a 
*Apparent viscosity values are mean ± standard deviation of triplicate measurements (n=3). Different superscripts in the same column indicate significant differences (p < 
0.05) 
 
3.3.1.2.  Effect of salts, pH, and concentration on the viscosity of κ-carrageenan solution 
(a) Effect of salts  
It is well known that when the concentration of a polyelectrolyte solution (such as κ-carrageenan) is 
low, the viscosity reduces with the addition of monovalent (KCl) or diatomic (CaCl2) salts (Wyatt, 
et al., 2011). The added salt ions can screen electrostatic repulsions between like charges along the 
polymer backbone and weaken the electrostatic attraction between semi-ester sulfates in 
κ-carrageenan molecules, neutralizing them and causing κ-carrageenan to assume a smaller 
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conformation. The reduction in size is accompanied by a reduction in the solution viscosity 
(Meunier, et al., 1999). As expected, the viscosity of 0.7% κ-carrageenan solution decreased from 
43.1 ± 0.43 mPa·s (without salts added) to 37.3 ± 0.27 mPa·s at 0.1 % CaCl2 addition, and 
progressively decreased to 11.4 ± 0.07 mPa·s when 0.3% CaCl2 was added (Table 3.3).  
 
Table 3.3.  The viscosity values at the shear rate of 50 s-1 (η50) for 0.7% κ-carrageenan solution with salts addition at 
pH 5.0 at 37 °C 
0.7% κ-Carrageenan  Apparent viscosity (mPa·s)* 
 
KCl concentration (w/w %) 
0.0 
0.1 
43.1 ± 0.43d 
107.3 ± 6.12c 
0.2 117.7 ± 6.87c 
0.3 243.3 ± 8.66b 
 
 
CaCl2 concentration (w/w %) 
 
0.0 
0.1 
43.1 ± 0.43d 
37.3 ± 0.27e 
0.2 20.9 ± 0.42f 
0.3 11.4 ± 0.07g 
0.8 232.0 ± 1.10b 
2.0 449.5 ± 7.19a 
3.0 445.7 ± 9.06a 
*Apparent viscosity values are mean ± standard deviation of triplicate measurements. Different superscripts in the same column indicate significant differences (p < 0.05) 
 
However, the viscosity of 0.7% κ-carrageenan solution increased significantly with addition of KCl 
(0.1–0.3%) or CaCl2 (0.8–3.0%) in this study (Table 3.3), this may be due to the increasing gelling 
temperature (Appendices Table III. A1). In this study, the temperature set for viscosity 
measurement was 37 °C, which was lower than gelling temperature of 0.7% κ-carrageenan solution 
after salts addition (37.3–48.4 °C). As an entangled polyelectrolyte solution (κ-carrageenan 
solution), the formation of small gel nuclei (initiation of ordering) can begin (Gabriele, et al., 2009) 
during the equilibration and experiment. The initial formation of the small gel nuclei causes the 
κ-carrageenan solution turn to gelatinous liquid, thereby increasing the viscosity. The same 
phenomenon was observed by Wyatt et al (2011), the addition of salt increased the viscosity of the 
entangled polyelectrolyte solutions when the concentration of entangled polyelectrolyte solutions 
was high. 
 
(b) Effect of pH and concentration  
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Table 3.4.  The viscosity values at the shear rate of 50 s-1 (η50) for 0.01, 0.05, 0.25 and 0.7% κ-carrageenan solution 
under different pH values at 37 °C 
κ-Carrageenan Concentration (w/w%) pH Apparent viscosity (mPa·s)* 
 
 
0.01 
4.0 1.89 ± 0.15j 
5.0 1.95 ± 0.04j 
6.0 2.07 ± 0.05j 
7.0 2.58 ± 0.05i 
8.0 1.78 ± 0.04j 
 
 
0.05 
4.0 1.39 ± 0.03k 
5.0 2.00 ± 0.03j 
6.0 4.32 ± 0.08h 
7.0 5.65 ± 0.17f 
8.0 4.87 ± 0.11g 
 
 
0.25 
4.0 18.88 ± 1.54e 
5.0 18.30 ± 0.71e 
6.0 18.73 ± 0.73e 
7.0 21.69 ± 0.04d 
8.0 18.57 ± 1.53e 
 
 
0.7 
4.0 26.3 ± 4.2E-15d 
5.0 43.1 ± 0.4c 
6.0 73.5 ± 3.3b 
7.0 92.8 ± 6.3a 
8.0 78.1 ± 3.7b 
*Apparent viscosity values are mean ± standard deviation of triplicate measurements (n=3). Different superscripts in the same column indicate significant differences (p < 
0.05) 
 
The apparent viscosity (η50) of different concentration of κ-carrageenan (0.01, 0.05 and 0.25%, w/w) 
in the pH range 4.0–8.0 is listed in Table 3.4. As the pH increased from 4.0 to 7.0, the viscosity 
increased and was highest at pH 7.0 independent of κ-carrageenan concentration. Then the viscosity 
decreased when pH reached 8.0. For example, the viscosity of 0.7% κ-carrageenan solution 
increased from 26.3 ± 4.2E-15 mPa·s to 92.8 ± 6.3 mPa·s as the pH increased from 4.0 to 7.0, and 
then decreased to 78.1 ± 3.7 mPa·s at pH 8.0 (Table 3.4). The pKa value of the anionic sulfate 
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groups on κ-carrageenan is around pH 2 (Pinheiro, et al., 2012), thus they are charged in the studied 
pH range. There are a number of H+ ions in acidic condition that neutralize the κ-carrageenan 
molecule and weaken the electrostatic attraction between semi-ester sulfates in κ-carrageenan 
(Phillips & Williams, 2009). Besides, when the κ-carrageenan solution becomes alkaline, more 
hydroxyl (OH-) ion exists and has mutually exclusive action with negatively charged κ-carrageenan, 
which does not favor intertwining between κ-carrageenan molecules (Phillips & Williams, 2009). 
All these factors can help to explain the decreased viscosity of κ-carrageenan solution at acidic or 
alkaline environment.  
 
Comparing the viscosity of different concentration of κ-carrageenan solution at same pH in Table 
3.4, it can be inferred that as the concentration of κ-carrageenan increased the viscosity increased 
significantly. For example, when the pH was 7.0, the viscosity of 0.01% κ-carrageenan was 2.58 ± 
0.05 mPa·s, and it increased to 5.65 ± 0.17 mPa·s when the concentration of κ-carrageenan reached 
0.05% (Table 3.4). This can be associated to the increase of the intermolecular frictional resistance 
between κ-carrageenan and the decrease of the molecular mobility as the concentration of 
κ-carrageenan increased (Li & Cheng, 2006). 
 
3.3.2.  Tribological behaviour  
3.3.2.1.  Effect of salts, pH, and concentration on the tribological properties of gelatin 
solution  
Lubrication properties of the pure gelatin solution and carrageenan solution with salts were 
determined by measuring the coefficient of friction (CoF) against the sliding speed. The average 
friction curves for all samples at 1 N are shown in Fig. 3.2 and 3.3. The average friction curves at 
2N are shown in Appendices Fig. III. A1. 
 
(a) Effect of salts on the tribological property of gelatin solution 
Fig. 3.2 shows the friction curves of gelatin solution (1.0 and 3.0%, w/w) containing KCl or CaCl2 
at 37 °C. Independent of the gelatin concentration, the CoF of gelatin solution decreased as the 
concentration of salts increased, especially in high speed (≥ 100 mm/s). As mentioned in 3.3.1.1, 
the addition of salts increased the viscosity of gelatin solution when the pH of gelatin solution is 
closer to its isoelectric point. Thus, a possible explanation for the decrease of the CoF is that the 
gelatin solution with higher viscosity can separate the surfaces more effectively. Liu, Bao, & Li 
(2016) studied the tribological properties of rice starch, and they found the starch emulsion had 
better lubrication effect due to the increased viscosity. This is consistent with the assumption that 
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higher viscosity improves the tribological property of products, which may lead to a smoother 
texture. 
 
 
Fig. 3.2.  Tribology of (A, and C) 1.0% and (B and D) 3.0% gelatin solution with KCl or CaCl2 added at 37 °C 
 
(b) Effect of pH and concentration  
As can be seen from Fig. 3.3, the friction curves of four different concentrations (0.2, 0.5, 1.0 and 
3.0%) of gelatin solution showed a ‘‘stick and slide’’ pattern. The CoF increased at low sliding 
speed (0.1–1.0 mm/s), and then decreased with the increase of speed, especially for low gelatin 
solutions. The reason for this is that at low speed, the gelatin solution acts as a thin lubricating film 
that can be relaxed easily and the friction depends on the asperity interaction between the two 
surfaces while at higher speed more fluid is drawn into the contact zone to partly separate the two 
surfaces (Nguyen, et al., 2016; Scaraggi & Persson, 2014). For the gelatin solution with pH away 
from its isoelectric point, lower CoF was obtained, which implies that higher viscosity can lead to a 
better lubrication effect between the surfaces. This is in agreement with the phenomenon obtained 
by Nguyen et al. (2016). They studied the tribology property of different fluid dairy products, and 
samples with higher viscosity had lower coefficient of friction. 
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Fig. 3.3.  Tribology of (A) 0.2% (B) 0.5% (C) 1.0% and (D) 3.0% gelatin solution under different pH at 37 °C 
 
Fig. 3.3 also shows that at low gelatin concentration (0.2 and 0.5%) all friction curves almost 
overlapped with each other, however it was easier to see the difference between friction curves 
under different pH values as the gelatin concentration increased (1% and 3%). This means the effect 
of pH on the lubrication of gelatin solution may be more pronounced at high concentration of 
gelatin solution since the solution is similar to water at low concentration. In addition, there was no 
apparent difference between friction curves under 1 N and 2 N force. 
 
3.3.2.2.  Effect of salts, pH, and concentration on the tribological properties of κ-carrageenan 
solution  
The lubrication property of the pure κ-carrageenan solution and salt added κ-carrageenan solution 
was determined and the average friction curves for all samples are shown in Fig. 3.4 and 3.5. The 
average friction curves at 2 N are shown in Appendices Fig. III. A2. 
 
(a) Effect of salts  
Fig. 3.4 shows the friction curves of κ-carrageenan solution with KCl or CaCl2 added at 37 °C. 
Although the CoF of κ-carrageenan solution slightly decreased with increasing the amount of salts, 
the CoF were higher compared to pure κ-carrageenan solution, which was contrary to what was 
expected. A possible explanation for the increase is the gelling temperature of κ-carrageenan that 
changed after salts addition (data not shown). The solution became gel like after 3 min at 37 °C. 
The formed gel like solution hinders the movement on the surface, thus decreasing the lubrication 
Chapter 3. Tribo-rheometry and gel strength of κ-carrageenan and gelatin solutions 
	 61	
property of κ-carrageenan solution. The above results suggest that salt addition did not have 
obvious influence on the tribological property of 0.7% κ-carrageenan solution at 37 °C.  
 
 
Fig. 3.4.  Influence of (A) KCl (0–0.3%) and (B) CaCl2 (0–3%) on tribology of κ-carrageenan solution at 37 °C 
 
(b) Effect of pH and κ-carrageenan concentration  
As can be seen from Fig. 3.5, the CoF of κ-carrageenan solution increased as the sliding speed 
increased at low speed regime (0.1–10 mm/s). For κ-carrageenan solution with concentration of 
0.25 and 0.7%, the CoF decreased after initially increasing and reaching a peak value with the 
increase of velocity (Fig. 3.5). However, for 0.01 and 0.05% κ-carrageenan solution, only part of 
the samples showed the decrease trend and the measurement had to be stopped due to attrition of 
tape. The friction curve of 0.7% κ-carrageenan solution was a ‘‘stick and slide’’ pattern. The reason 
for this pattern is similar to gelatin solution, below the critical speed the κ-carrageenan solution 
between the surfaces relaxed primarily and the friction depends on the asperity interaction between 
the two surfaces, while at higher speed (beyond the critical speed) the κ-carrageenan solution is 
drawn into the contact zone to form a lubricating film to partly separate the two surfaces in the mix 
regime that decrease the friction coefficient (Nguyen, et al., 2016).  
 
Fig. 3.5 shows that the effect of pH on κ-carrageenan solution was almost similar for the different 
concentrations of κ-carrageenan solutions. The κ-carrageenan solution had the best lubrication 
property (low CoF) at neutral condition. Although the influence of concentration on tribological 
property of κ-carrageenan solution was not significant, for κ-carrageenan solution with higher 
concentration, a much better lubrication property (lower CoF) was obtained in this study. These 
results were similar with the results obtained in section 3.3.2.1, which is an increase in the viscosity 
of the solution lowered the CoF. 
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Fig. 3.5.  Tribology of (A) 0.01% (B) 0.05% (C) 0.25% and (D) 0.7% κ-carrageenan solution under different pH at 
37 °C 
 
3.3.2.3. Three-Zone model for tribological properties of gelatin and κ-carrageenan solution 
The lubrication properties (tribological behaviour) of a sample can be presented as a friction curve, 
namely the Stribeck curve. The classical Stribeck curve is divided into three regimes: boundary, 
mixed and hydrodynamic (Prakash, et al., 2013). The coefficient of friction is constant in the 
boundary regime as the friction between the two contact surfaces is not affected by the sliding 
speed, but by the ability of the sample to adsorb and form a lubrication film between the surfaces 
(Butt, et al., 2004). With increasing sliding speed, the Stribeck curve enters into the mixed regime, 
followed by a hydrodynamic film that significantly reduces the friction. The viscosity of sample is 
responsible for the reduction of friction since it promotes fluid entrainment (Cassin, et al., 2001). At 
even higher sliding speed, the hydrodynamic film is fully developed and completely separates the 
surfaces, and the curve enters the hydrodynamic regime. The friction in the hydrodynamic regime is 
governed by the internal friction (or viscosity of fluid) and increases linearly with sliding speed 
(Butt, et al., 2004; Williams, 2005). 
 
However, as shown above, the friction curves obtained for low concentration of gelatin and 
κ-carrageenan solutions in this study did not resemble the classical Stribeck curve, but rather 
followed the schematic diagram as in Fig. 3.6 that can be generally divided into three zones as 
described below: 
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(i) Zone I (low speed): the coefficient of friction (CoF) increase linearly with velocity, which is 
similar to Scaraggi and Persson's theoretical model (Scaraggi & Persson, 2014). The observed CoF 
is governed by the solid-contact friction and represents the competition between loading and 
relaxation of κ-carrageenan or gelatin solutions between two surfaces. The maximum CoF (CoFmax) 
occurs when the loading coincides with relaxation of materials.  
(ii) Zone II (medium speed): with the increase of speed, the loading of κ-carrageenan and gelatin 
solution is faster than relaxation, leading to the formation of lubrication film and increases thickness 
that partly separate the surfaces and reduces friction. The reduction of friction is governed by 
sample viscosity since it promotes fluid entrainment (Cassin, et al., 2001). This regime is the same 
as the mixed regime in the conventional Stribeck curve. 
(iii) Zone III (high speed): This is the same as hydrodynamic regime in traditional Stribeck curve 
that is the hydrodynamic film is fully developed and completely separates the surfaces. The friction 
is now governed by the internal friction (or viscosity of fluid) and increases linearly with speed 
(Butt, et al., 2004). On the other hand, if the structure breaks down at high speeds or the 
hydrodynamic film does not be fully developed, the friction may reduce further with speed, such as 
the curve for the κ-carrageenan solution. Thus, the behaviour of fluid within this zone is not solely 
governed by sample viscosity, but rather the sample's form. 
 
 
Fig. 3.6.  Schematic diagram of three zones in the friction curve 
 
3.3.2.4.  Comparison of tribological properties between gelatin and κ-carrageenan 
Firstly, the low speed range (Zone I) for gelatin solution was 0.1–1 mm/s, while it was 0.1–10 mm/s 
for κ-carrageenan solution. It means it took longer time for κ-carrageenan solution to reach the 
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equilibrium between loading and relaxation, possibly due to its reduced adsorbability than gelatin. 
Compared with the friction curve of gelatin solution, the CoF of κ-carrageenan solution kept 
decreasing at high speed (> 100 mm/s). It could be that the hydrodynamic film has not been fully 
developed or the structure breaks down at high speeds. In order to compare the lubrication 
properties between gelatin and κ-carrageenan solution, the CoF obtained from tribology model for 
gelatin or κ-carrageenan solutions under 1 N were compared in different Zones. At low sliding 
speed range (Zone I), the CoFmax for gelatin solution was 0.37–0.49 independent of pH, 
concentration and addition of salts (Fig. 3.2 and 3.3). In contrast, the CoFmax of κ-carrageenan 
solution was higher, especially for low concentration (0.01, 0.05 and 0.25%), which even reached 
above 1 under some conditions. In addition, for 0.7% κ-carrageenan solution with KCl added, the 
CoFmax was above 0.7 (Fig. 3.4). Since the solution was too thin to show lubrication property, the 
low κ-carrageenan solution (0.01 and 0.05%) did not have Zone II and Zone III.  
 
When the sliding speed reached medium speed (Zone II) the CoF of gelation solution decreased to 
0.30–0.41. Similar reduction in CoF of κ-carrageenan solution (0.25 and 0.7%) was observed 
(0.15–0.36). In Zone III (high speed range, > 100 mm/s), the CoF of gelatin increased to 0.32–0.45, 
while the CoF of κ-carrageenan kept decreasing and reached 0.13–0.29. This may be due to the 
incomplete build of hydrodynamic film under high speed (100–300 mm/s) or due to break down of 
the fluid structure at such high speed. 
 
From these data, it can be known that gelatin had better lubrication property than κ-carrageenan 
during low and medium speeds, while the κ-carrageenan (except 0.01 and 0.05%) solution had 
better lubrication property in high-speed range. For food that do not need too much chewing (such 
as yoghurt, drinking and ice cream), gelatin is a better choice than κ-carrageenan since it can give 
lubrication feeling in low and medium sliding speed. However, κ-carrageenan may give cheese and 
dessert a better lubrication feeling for consumption since these dairy products need enough chewing 
before swallowing. Also, the hump CoF in κ-carrageenan solution indicates that κ-carrageenan may 
give more mouth fullness feeling, especially in low and medium speed (< 100 mm/s). In opposite, 
the CoF of gelatin solution was smoother, which shows that adding gelatin might give good melting 
behavior and creaminess feeling. 
 
3.3.3.  Gel strength  
In this study, the gelatin could form gel at concentration of 1.0 and 3.0%, and the κ-carrageenan 
solution formed gel only when the concentration reached 0.7%. The formed gelatin gel was turbid 
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close to pH 5.0–6.0, even for 3.0% gelatin gel. While κ-carrageenan gel was clear under all 
conditions. Besides, adding salts (KCl and CaCl2) could improve the visual aspect of gelatin gel at 
pH 5.0. Large deformations (gel hardness and fracturability) of the gelatin and κ-carrageenan gels 
that were treated to different pH, concentration and salts are presented in Fig. 3.7 and 3.8. Higher 
the penetration force required breaking the gel, higher the gel strength. The influence of pH, 
concentration and salts on the gel strength of gelatin and κ-carrageenan gels is discussed in sections 
3.3.3.1 and 3.3.3.2, respectively.   
 
3.3.3.1.  Effect of salts, pH, and concentration on the hardness and fracturability of gelatin 
gels  
 
 
Fig. 3.7.  The hardness and fracturability of gelatin gels (1.0 and 3.0%, w/w) at different conditions: (A and B) pH, (C 
and D) KCl, (E and F) CaCl2. Different superscripts indicate the significant differences (P < 0.05). The error bars 
represent the standard deviation (n=6) 
 
(a) Effect of salts (KCl and CaCl2) on the gel strength 
Gelatin gels are physical gels and the networks are made of an ensemble of physically 
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interconnected ordered triple-helix (rigid) segments, which are stabilized by intermolecular 
hydrogen bonding (Chatterjee & Bohidar, 2005; Czerner, et al., 2016). In addition, there is a large 
amount of water interposed in this three-dimensional hydrophilic polymer network (Young-Jin & 
Hiroshi, 2007). Water stays in a dynamic equilibrium state with the dispersed gelatin network in 
two distinct physical states: water bound to the gelatin chains and interstitial water trapped inside 
the gel cage (Chatterjee & Bohidar, 2005).  
 
Fig. 3.7 shows the effect of salts (KCl and CaCl2) on the hardness and fracturability of gelatin gel. 
For 1.0% gelatin gel, as the concentration of salts increased, the hardness of gelatin gel increased 
and then remained stable after reached its highest value [Fig. 3.7 (C and E)]. This is because with 
salts addition, the molecular conformation of gelatin stretches gradually and enhances the polymer 
solvent interaction ability as the associations in gelatin molecules are shielded or destructed by salts 
(Yuan, et al., 2011). This enables more free-water in the system to form hydrogen bonds with 
gelatin, forming a more compact and stiffer network. 
 
However, when the concentration of gelatin increased to 3.0%, both hardness and fracturability of 
gelatin gel increased at first, and had the highest value when the concentration of salts was 0.1%, 
beyond which the gel strength decreased as the salt concentration increased [Fig. 3.7 (D and F)]. 
This is because the gap between the gelatin molecular chains is large when the gelatin concentration 
is low, which is conducive to form hydrogen bond as N-H···O. While the gap between the gelatin 
molecular chains reduces with an increase in gelatin concentration, hence the resistance of N-H···O 
formation increases, which allows the formation of hydrogen bond as N-H···Cl (Shi, 2014). The 
energy of N-H···Cl is lower and is easily destroyed than N-H···O, and along with a decreased 
number of hydrogen bonds between gelatin molecules, results in a decrease in the gel strength of 
gelatin gel. This result also suggest that chloride salts have much more negative influence on the 
strength of gelatin gel with an increase in gelatin concentration. It is in agreement with previous 
studies, which demonstrated that the gel strength of gelatin decreased with increased addition of 
chloride salts at high concentration (6.67%, w/w) of gelatin (Karayannakidis & Zotos, 2015; Sarbon, 
et al., 2014). 
 
(b) Effect of pH and concentration on the gel strength 
From Fig. 3.7 (A and B), it can be seen that the hardness and fracturability of gelatin gel was low at 
pH 5.0 and 6.0, near its pI (pH ≈ 5.3), and increased when the pH was away from its pI. As 
mentioned in section 3.3.1.1, the chain confirmation of gelatin is contracted near its pI and has 
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molecular extending with pH changes (Yuan, et al., 2011). It is possible that gelatin has more 
chances to crosslink with the water in the system through hydrogen bonding after the extension of 
the gelatin molecules, which make the structure firmer, thus increasing the strength of gel. 
 
Comparing the left and right columns of Fig. 3.7, the hardness and fracturability of gelatin gel 
increased by almost tenfold with an increase in the gelatin concentration. This is because when 
gelatin concentration is high more gelatin molecules exists in the solution that contributes to the 
formation of denser network structure (Choi & Regenstein, 2000), thereby increasing the strength of 
gelatin gel. Although the hardness and fracturability of 3.0% gelatin gel without the added salts was 
higher when pH is away from its pI, the gel strength during pH 5.0–7.0 was almost the same, which 
is different from 1.0% pure gelatin gel [Fig. 3.7 (A and B)]. This indicates that structurally weaker 
gels are more sensitive to changes in pH. The same result got by Fiszman & Salvador (1999), they 
found that at 1.5% gelatin concentration, the strength of formed gel changed significantly due to pH 
changes, while no significant differences were found at 6.67% concentration. This may be because 
the hydrogen bond between protein-protein becomes more important than between protein-water at 
high concentration of gelatin solution.  
 
3.3.3.2.  Effect of salts and pH on the hardness and fracturability of κ-carrageenan gels  
(a) Effect of salts (KCl and CaCl2)  
κ-Carrageenans are linear, sulphated polysaccharides. Cooling causes the gelation of κ-carrageenan 
solutions as a result of coil-to-helix conformational transition, followed by aggregation of these 
ordered helices into a 3-dimensional network (Nickerson, et al., 2010). This cooperative process is 
generally explained as a “domain model” based on the presence of double helices in the junction 
zones of κ-carrageenan gel network and essentially at sufficient polysaccharide concentrations (Lai, 
et al., 2000).  
 
Fig. 3.8 (B and C) shows the effect of KCl and CaCl2 on the hardness and fracturability of 0.7% 
κ-carrageenan gels. The hardness and fracturability of 0.7% κ-carrageenan gel increased 
progressively with the addition of KCl (0–0.3%) into κ-carrageenan solution [Fig. 3.8 (B)]. This 
could be associated to the neutralization of charges on the individual helices of κ-carrageenan 
through site-bound counter ions (K+). Since κ-carrageenan is electronegative polymer, this 
neutralization can suppress the electrostatic barrier to aggregation and promote helix-helix 
formation (Rey & Labuza, 1981). Hence more aggregated assemblies would be formed during the 
gelation of κ-carrageenan solution upon addition of KCl, increasing the strength of κ-carrageenan 
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gel. 
 
Fig. 3.8 (C) shows that for 0.7% κ-carrageenan gel with CaCl2 added, the strength of gel had an 
initial increase with the increase of CaCl2 and peaked at 0.8% CaCl2, then it decreased with the 
further increase in concentration of CaCl2. The strength increased was larger than κ-carrageenan gel 
with KCl added in the same level. This is possible due to the stoichiometric binding of Ca2+ ions to 
the κ-carrageenan helix. Doyle, Giannouli, Philp, & Morris (2002) found that Ca2+ might act 
between adjacent helices of κ-carrageenan molecules by direct bridging, in a mechanism somewhat 
analogous to the 'egg-box' model postulated for Ca2+ induced gelation of low-methyl pectin or 
alginate, which increase the strength of κ-carrageenan gel. However, the extensive structural charge 
neutralization of κ-carrageenan by excess existence of Ca2+ is responsible for a marked aggregation 
of the κ-carrageenan strands (Macartain, et al., 2003), leading to part of the dispersion medium 
being precipitated. Thus too much CaCl2 (above 0.8%, w/w) existed in solution would speed up the 
κ-carrageenan gel to release the water in system (syneresis) that decreased the gel strength [Fig. 3.8 
(C)]. 
 
(b) Effect of pH 
From Fig. 3.8 (A), it can be seen that both the hardness and fracturability of 0.7% κ-carrageenan 
gels was low at acidic conditions, and increased with an increase in the pH of the solution. In this 
study, the samples put under 4 °C for 18 h before measurement, thus the decrease of strength may 
cause by the degradation of κ-carrageenan molecules since polysaccharide chains are easy to 
degrade in acidic conditions (Sun, et al., 2010). As a results, the number of free κ-carrageenan 
chains in system decrease and less helix would be formed by κ-carrageenan, which weakens the 
strength of κ-carrageenan gel (Liu, et al., 2016). 
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Fig. 3.8.  The hardness and fracturability of κ-carrageenan gels (0.7%, w/w) at different conditions: (A) pH, (B) KCl, 
(C) CaCl2. Different superscripts indicate the significant differences (P < 0.05). The error bars represent the standard 
deviation (n=6) 
 
3.3.3.3.  Comparison of texture properties between gelatin and κ-carrageenan gels in dairy 
range 
Comparing the gel strength of 1.0% gelatin gel and 0.7% κ-carrageenan gel in Fig. 3.7 and 3.8, the 
κ-carrageenan gel had stronger hardness and fracturability even at low concentration of 
Chapter 3. Tribo-rheometry and gel strength of κ-carrageenan and gelatin solutions 
	 70	
hydrocolloid. With the help of CaCl2 (0.8%), the gel strength of κ-carrageenan gel was equal to 3.0% 
gelatin gel. In other words, the κ-carrageenan has better gelation property than gelatin since it can 
form high strength gel in low concentration. However, since gelatin has a unique property, i.e. its 
melting temperature (Tm) was below 37 °C, it is ideal for dairy products. 
 
As observed, the strength of both gelatin and κ-carrageenan gel increased significantly with the 
addition of KCl or CaCl2 in some extent. In addition, the gel strength of gelatin gel decreased when 
the amount of added CaCl2 was above 0.2%, especially for 3.0% gelatin gel. The same phenomenon 
occurs for κ-carrageenan that is the firmness of formed gel decreased when the amount of CaCl2 in 
system is too high (above 0.8%). Both KCl and CaCl2 are commonly used in dairy products, 
therefore, dairy producers should keep this in mind during new products development, especially 
when their purpose is to increase calcium ion in products. Besides, pH is a very important factor as 
it plays a key role in the gel strength of both gelatin and κ-carrageenan gels. 
 
3.4.  Conclusion 
In conclusion, when the pH of gelatin solution nears its pI (pH ≈ 5.3), the solutions (0.2, 0.5, 1.0 
and 3.0%) had low viscosity and poor lubrication property (higher CoF). The gelatin solution could 
form gel at 1.0 and 3.0%, but 0.2 and 0.5% gelatin was still in solution state even when stored at 
4 °C for 18 hours. Adjusting the pH away from its pI could improve the viscosity and tribology 
properties of gelatin solution, and also made the formed gel have a clear appearance (Appendices 
Fig. III. A3). Another way to improve the viscosity and tribology properties of gelatin solution was 
adding salts (KCl and CaCl2) into the solution, which also gave better visual aspect.  
 
The κ-carrageenan solution (0.01, 0.05, 0.25 and 0.7%, w/w) had the highest viscosity under neutral 
condition (pH = 7.0), and the viscosity decreased when the environment was adjusted to acid or 
alkali conditions. In this study, the κ-carrageenan solution formed gel only at a concentration of 
0.7%. Adding salts (KCl and CaCl2) increased the strength of κ-carrageenan gel significantly. 
However, when the addition of CaCl2 above 0.8%, the firmness of formed gel decreased which was 
in agreement with texture measurements that showed lower gel strength when the addition of CaCl2 
was beyond 0.8%. In addition, pH and salts addition did not have obvious effect on the tribology 
property of κ-carrageenan solution, and did not change the visual appearance of 0.7% κ-carrageenan 
gel. 
 
Besides, by comparing the gelation and tribo-rheometry behaviour of gelatin and κ-carrageenan at 
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concentration used in dairy products, it is clear that κ-carrageenan has better gelation property, and 
it can increase the viscosity more significantly than gelatin. However, the gelatin solution has good 
lubrication property during low and medium sliding speed, which is good for dairy products that do 
not need much chewing. The insights generated from this study have the potential to be applied in 
developing of new dairy products, as well as providing avenues for lubrication property study of 
hydrocolloid solutions and fluid state dairy foods. In the next chapter, the rheological, tribology and 
texture property of another cold-set hydrocolloid, low methoxyl pectin, would be studied.  
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3.5.  Appendices 
 
Table III. A1.  The gelling temperature of 0.7% κ-carrageenan solution with/without salts adding 
0.7% κ-Carrageenan  Gelling temperature (°C)* 
 
 
pH 
4.0 24.2 ± 2.1f 
5.0 31.7 ± 1.1e  
6.0 28.9 ± 0.8e  
7.0 30.2 ± 1.8e  
8.0 29.7 ± 0.1e  
 
KCl concentration (w/w %) 
0.1 38.4 ± 1.4c  
0.2 44.0 ± 0.9b  
0.3 44.2 ± 0.3b  
 
 
CaCl2 concentration (w/w %) 
 
0.1 31.3 ± 0.1e  
0.2 31.9 ± 0.8e  
0.3 33.6 ± 0.3d  
0.8 37.3 ± 1.3c  
2.0 44.2 ± 1.3b  
3.0 48.4 ± 0.6a 
*Values are mean ± standard deviation for triplicate measurements (n=3). Different superscripts in the same column indicate significant differences (p < 0.05). Gelling 
temperature: in temperature decrease stage, the temperature that storage moduli (G') started above 1 Pa 
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Fig. III. A1.  Tribology of (A and C) 1.0% and (B and D) 3.0% gelatin solution with KCl or CaCl2 added, and (E) 0.2% 
(F) 0.5% (G) 1.0% and (H) 3.0% gelatin solution under different pH at 37 °C 
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Fig. III. A2.  Tribology of (A and B) 0.7% κ-carrageenan solution with KCl or CaCl2 added, and (C) 0.01% (D) 0.05% 
(E) 0.25% and (F) 0.7% κ-carrageenan solution under different pH at 37 °C 
 
  
Chapter 3. Tribo-rheometry and gel strength of κ-carrageenan and gelatin solutions 
	 75	
 
Fig. III. A3.  Visual pictures of 1.0%, 3.0% gelatin gel and 0.7% κ-carrageenan gel at pH 5.0 with/without KCl and 
CaCl2 added after stored at 4 °C for 48 hours
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Chapter 4. 
 
Textural properties of low methoxyl pectin solutions at concentrations, pH and ionic 
conditions used in dairy products 
 
Abstract  
Understanding the flow and lubrication properties of hydrocolloids, commonly used to enhance the 
mouthfeel properties of various dairy products can provide valuable information to manufacturers. 
The current study examined the lubrication (tribology) and flow behaviour of low methoxyl (LM) 
pectin (0.1–1.0%, w/w) in the concentrations ideally added in dairy products within the pH range of 
4.0–8.0 and in the presence of KCl (0.1–0.3%, w/w) and CaCl2 (0.025–0.085%, w/w) at pH 5.0. 
Additionally, the hardness of the corresponding gels formed at various pH, ionic and concentration 
of LM pectin conditions were determined using a texture analyser. Both the flow and tribological 
behaviors depended on the pH, addition of salts and dosage of hydrocolloids. At pH 8.0, LM pectin 
solution had the lowest viscosity, gel strength, lubrication property. The LM pectin solution formed 
stable gel only when the concentration reached 1.0% (w/w) and the system contained a certain 
concentration of CaCl2 (at least 0.025%). Adding KCl improved the lubrication property of LM 
pectin solution as well as the strength of formed gel, while the viscosity decreased.  
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4.1.  Introduction 
Pectin is a structural heterogeneous polysaccharide contained in the primary cell walls of terrestrial 
plants. The primary structure of pectin molecules consists of α-1,4-linked D-galacturonic acid 
residues (‘‘smooth region’’) interrupted by 1,2-linked L-rhamnose residues (‘‘hairy region’’) 
carrying some neutral sugars as side-chains (essentially galactose and arabinose residues) (Dobies, 
et al., 2004; Mohnen, 2008; Thakur, et al., 1997). Due to its gelling and thickening ability, it is 
widely used in food and daily chemical industry. Traditionally, pectin is categorized as high 
methoxyl (HM) pectin and low methoxyl (LM) pectin with degree of methoxylation (DM) of > 50% 
and < 50%, respectively (Hua, et al., 2015; Thakur, et al., 1997). However, due to the influence of 
the molecular structure, the HM pectin must have a high concentration of solids (such as sugar or 
other salt components) and requires certain acidity conditions for its gel formation and solution 
thickening, which greatly limits the scope of its application. Unlike HM pectin, LM pectin is not 
limited by the acid conditions and solid content of sugar during application, and it is more in line 
with the current low-sugar, low-calorie consumer demand, thus its application prospect is broader 
than HM pectin (Phillips & Williams, 2009).  
 
However, most of the previous studies mainly focused on gel properties and related applications of 
LM pectin (Dobies, et al., 2004; Han, et al., 2017; Lootens, et al., 2003), the basic work on the 
rheological properties of LM pectin solution with its influencing factors rarely reported, especially 
at concentrations used for dairy application which is quite low. The suggested used range is from 
0.1 to 1% (w/w) in water (Phillips & Williams, 2009). Understanding the fundamental 
physico-chemical properties of pure LM pectin solution in the range used in dairy products has 
value to the dairy processing industry. 
 
As mentioned in Chapter 3 that pH and salts (e.g. potassium chloride (KCl) and calcium chloride 
(CaCl2)) is very important in dairy products since they impact the physio-chemical properties of 
hydrocolloids in aqueous solution (Li, et al., 2013; Yoo, et al., 2006). Similar to gelatin and 
κ-carrageenan, LM pectin impacts the flow and lubrication behaviour of the dairy products, which 
plays a role in the perception of texture and mouthfeel. To expand the application of LM pectin in 
dairy products, an understanding of how properties of these pure hydrocolloid solutions are 
impacted by pH and common food components, such as salts, is necessary. Besides, few studies 
evaluating the tribological property of dairy products with LM pectin addition (Godoi, et al., 2017; 
Nguyen, et al., 2017), however the study of tribological property of pure LM pectin solution is still 
unavailable. 
Chapter 4. Textural properties of low methoxyl pectin solutions 
	 82	
 
Hence, the objective of this study was to investigate the effect of the incremental amount of LM 
pectin, salt addition and pH on the physico-chemical characteristics, including lubrication properties 
of the resulting LM pectin solution in the concentration range added to dairy products. This study 
would provide valuable information on how LM pectin solution is influenced by the product 
environment (pH, ionic condition) and extend this understanding to real industrial product 
application. 
 
4.2.  Materials and methods 
4.2.1.  Materials 
Low methoxyl pectin (LM pectin; molecular weight is 15KDa, degree of methoxylation is 25–35%, 
percentage of galacturonic acid is around 75%.), a light coloured commercial product commonly 
used in the food industry was purchased from Melbourne Food Depot (Melbourne, Australia). 
Potassium chloride and calcium chloride used in this work were also obtained from Melbourne 
Food Depot (Melbourne, Australia). All other reagents and chemicals were of food grade and used 
without further purification. 
 
4.2.2.  Sample preparation 
LM pectin solutions (0.1, 0.2, 0.4 and 0.8%, w/w) were prepared by allowing the LM pectin 
powders to swell in distilled water for about 2 hours in a room temperature followed by heating at 
70 °C for 30 min. After cooling to room temperature the pH of the solutions was adjusted to 4.0, 5.0, 
6.0, 7.0 and 8.0 with 1 M citric acid or 1 M sodium hydroxide. In this study, the LM pectin solution 
formed gels until the concentration reached 1.0% (w/w), thus it was chosen for texture study. For 
salts contained solutions, the salts and hydrocolloids solutions were prepared separately and then 
mixed together, and all the solutions were adjusted to 5.0 in gel study. The concentrations of KCl 
and CaCl2 utilized for the experiments were 0.1–0.3% and 0.025–0.085% (w/w), respectively. 
 
4.2.3.  Rheological behaviour of solutions 
A rheometer (TA Instrument, USA) was used to measure the viscosity of produced LM pectin 
solutions using 60 mm stainless steel cone plates (2°) at 51 µm gap for steady state shear 
measurement, and the shear rate ranging from 0.1 to 1000 s-1. In order to mitigate sample drying 
during the experiment a solvent trap cover was used. At the beginning of each test, the samples 
were firstly equilibrated at 37 °C for 120 s and subjected to a pre-shear for 30 s at a shear rate of 0.1 
s-1. All tests were performed at 37 °C and conducted in triplicate. 
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4.2.4.  Tribological measurement 
Tribological measurements were performed on a Discovery Hybrid Rheometer (Discovery Hybrid 
Rheometer, TA Instrument, USA), using ring on plate tribo-rheometry on a rough plastic surface of 
3M Transpore Surgical Tape 1527-2 (3M Health Care, USA), which was chosen since the 
hydrophobic rough surface of tape is similar to human tongue (Nguyen, et al., 2016). The tape was 
cut in a square shape, placed and pressed firmly on top of the lower plate geometry before adding 
samples. After each measurement, the tape was replaced and the tribo-rheometry was cleaned and 
dried with deionised water and laboratory wipes. 
 
In order to simulate the oral processing condition, the tribology measurements were also performed 
at 37 °C. The normal forces of 2 N was used to represent the moderate normal force applied on 
samples during oral processing. The samples were pre-sheared at the speed of 0.01 mm/s for 1 min, 
and then equilibrated for 2 min before each measurement. The results were recorded for rotational 
speeds from 0.01 to 300 mm/s with 10 points per decade. All measurements were conducted in 
triplicate. 
 
4.2.5.  Texture analysis 
Texture measurements were performed using a TA-XT2 Texture Analyser (Godalming, Surrey, 
UK). Prepared LM pectin solutions were transferred to an incubator (4 °C) after the pH was 
adjusted, and kept for 24 h for maturation before measurement. To keep the temperature consistent 
between samples, the testing was done immediately after the samples were removed from the 4 °C 
refrigerator. All measurements were carried out in triplicate. The sample height was 30 mm in a 
cylindrical container of about 40 mm. The probe used was cylindrical with a flat base of 12.7 mm 
diameter, and penetrated the formed gel during a total displacement of 10 mm at a speed of 1 mm/s. 
Hardness (g), defined as the highest value during testing (Fiszman & Salvador, 1999) was obtained 
from the force-time curves. 
 
4.2.6.  Statistical analysis 
The experimental values of rheology and tribology were calculated and shown as mean with 
standard deviations. Statistical analysis was performed by one-way ANOVA using SPSS software 
22.0 (SPSS, Chicago, IL). The least significant differences were calculated by Tukey test and a 
p-value of < 0.05 was considered statistically significant. 
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4.3.  Results and Discussions 
4.3.1.  Flow behaviour 
Table 4.1.  The viscosity values at the shear rate of 50 s-1 (η50) for 0.1, 0.2, 0.4 and 0.8% LM pectin solution under 
different pH values at 37 °C 
LM pectin Concentration (w/w%) pH Apparent Viscosity  
(mPa·s)* 
 
 
0.1 
4.0 1.93 ± 0.12a 
5.0 1.70 ± 0.08b 
6.0 1.54 ± 0.03c 
7.0 1.49 ± 0.03c 
8.0 1.38 ± 0.09c 
 
 
0.2 
4.0 2.06 ± 0.04a 
5.0 2.01 ± 0.05a 
6.0 1.98 ± 0.01a 
7.0 1.92 ± 0.02b 
8.0 1.84 ± 0.03c 
 
 
0.4 
4.0 2.68 ± 0.02a 
5.0 2.60 ± 0.02b 
6.0 2.61 ± 0.07ab 
7.0 2.47 ± 0.03c 
8.0 2.31 ± 0.07d 
 
 
0.8 
4.0 4.39 ± 0.14a 
5.0 4.23 ± 0.04a 
6.0 4.08 ± 0.06b 
7.0 3.93 ± 0.11b 
8.0 3.75 ± 0.08b 
Apparent viscosity values are mean ± standard deviation of triplicate measurements (n=3). Different superscripts in the same column indicate significant differences in each 
concentration (p < 0.05) 
 
The LM pectin solution was prepared at four different concentrations (0.1, 0.2, 0.4 and 0.8%, w/w), 
and the flow curves were obtained using a dynamic rheometer at a shear rate of 0.1–1000 s-1. All 
the LM pectin solutions showed the shear-thinning flow behavior of non-Newtonian fluids, as 
expected. For comparison purpose the viscosity of LM pectin solution at specific shear rate (50 s-1) 
Chapter 4. Textural properties of low methoxyl pectin solutions 
	 85	
at different concentrations (pH and salt addition) are presented in Tables 4.1 and 4.2. 
 
For LM pectin solution, the reason for the viscosity increase was the increase of energy loss in 
friction when the solvent flows past the polysaccharide segments (Hua, et al., 2015). When solid 
concentration increased, pectin chains aggregated to form three-dimensional network structure, 
therefore more energy was consumed to break the network structure. For example, at pH 5.0 the 
viscosity of 0.1% LM pectin solution was 1.70 ± 0.08 mPa.s that increased to 4.23 ± 0.04 mPa.s 
when the concentration reached 0.8%. Hua et al. (2015) also found that during low concentration 
range (0–1.0%), the solution viscosity slightly increased. 
 
The experimental results also showed that the change of pH greatly influenced the viscosity of LM 
pectin solution possibly by altering the charge distribution along pectin chain, i.e. as the pH 
increased, the viscosity of the LM pectin solution gradually decreased. This might relate to the 
molecular structure of the pectin. The dissociation constant (pKa) of carboxyl groups is 3.5 
(Gilsenan, et al., 2000). In the pH range investigated in this study, carboxyl anion was the 
predominant form in the solution according to equation (1) 
pH = pKa + log 
[ !!] [!!]!![!!]                                               (1) 
where pH is the pectin solution pH, pKa is the acid dissociation constant of methyl ester pectin, [A-] 
is the concentration of galacturonic acid carboxyl anion, C is the galacturonic acid concentration in 
pectin solution. At low pH, the ionization of the carboxyl groups in the pectin molecule is inhibited, 
thereby reducing electrostatic repulsions along and between pectin chains and the hydrogen 
bonding between the molecules is enhanced, facilitating the aggregation of pectin chains and the 
molecular group volume is increased, which result in an increase in the viscosity of the solution. 
However, the impact is opposite when the pH increased. 
 
Pectin, a natural polymer can form a gel and the metal ions in the system could affect its 
intermolecular interaction. In particular, LM pectin has a remarkable charge repulsion effect 
between molecules due to its molecular structure containing many un-methylated carboxylic acid 
groups. The addition of CaCl2 could neutralize charges, thereby changing the state of aggregation of 
pectin molecules. Besides, there exist complexation of sections of two different pectin chains with 
Ca2+ ions (Capel, et al., 2006), thus the viscosity of LM pectin solution increased with the addition 
of CaCl2 (Table 4.2). However, when the concentration of CaCl2 reached 0.085%, the LM pectin 
solution turned colloid state (quite weak gel), thus its flow behavior and tribology property was not 
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measured in this study. On the contrary, the viscosity decreased with the increase of KCl 
concentration at pH 5.0. Since most of the carboxyl groups were dissociated at pH 5.0, K+ would be 
gathering around carboxyl anion groups due to electrostatic attractions, namely the shielding effect 
(Yoo, et al., 2003). As a result, the conformation of LM pectin can be mainly determined by anions 
(Cl-1). Under this condition, with the addition of KCl, in the solution the electrostatic repulsions 
between anions can be significantly increased, leading to a restricted distribution and low mobility 
of LM pectin in solution. Consequently, the viscosity of LM pectin solution decreased. 
 
Table 4.2.  The viscosity values at the shear rate of 50 s-1 (η50) for 0.8% LM pectin solution with salts addition at pH 
5.0 at 37 °C 
LM pectin Concentration (w/w%) KCl Concentration  
(w/w %) 
Apparent Viscosity 
(mPa·s)* 
 
0.8 
0.0 4.23 ± 0.04a 
0.1 3.67 ± 0.04b 
0.2 3.17 ± 0.01c 
0.3 3.08 ± 0.13c 
LM pectin Concentration (w/w%) CaCl2 Concentration  
(w/w %) 
Apparent Viscosity  
(mPa·s)* 
 
 
0.8 
0.0 4.23 ± 0.04c 
0.025 4.36 ± 0.09c 
0.045 5.61 ± 0.07b 
0.065 6.06 ± 0.04a 
Apparent viscosity values are mean ± standard deviation of triplicate measurements. Different superscripts in the same column indicate significant differences (p < 0.05) 
 
4.3.2.  Tribological property 
Lubrication properties of the pure LM pectin solution with/without salts were determined by 
measuring the coefficient of friction (CoF) against the sliding speed, and it can be presented as a 
friction curve, namely the Stribeck curve. The average friction curves for all samples at 2 N are 
shown in Fig. 4.1. 
 
The classical Stribeck curve includes three regimes, and they named boundary regime, mixed 
regime and hydrodynamic regime (Prakash, et al., 2013). In the boundary regime the CoF is 
constant, and with the increase of sliding speed, the Stribeck curve enters into the mixed regime, 
followed by the formation of a hydrodynamic film that significantly reduces the friction (Butt, et al., 
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2004; Cassin, et al., 2001). It is suggested that the viscosity of sample is responsible for the 
reduction of friction since it promotes fluid entrainment (Cassin, et al., 2001). However, when the 
hydrodynamic film is fully developed the curve would enter the hydrodynamic regime at higher 
sliding speed, and the friction in the hydrodynamic regime is governed by the internal friction (or 
viscosity of fluid) and increases linearly with sliding speed (Butt, et al., 2004; Williams, 2005).  
 
However, as shown in Fig. 4.1, the friction curves obtained for low concentration of LM pectin 
solution in this study did not resemble the classical Stribeck curve, but rather followed the three 
zones curve as proposed before (Chapter 3; Zhu, et al., 2018) although the Zone III was not seen in 
current study. Briefly, the CoF increases linearly with velocity at low speed and reaches the 
maximum CoF when the loading coincides with relaxation of materials. During the medium speed, 
the CoF decreases due to the formation of lubrication film that partly separates the surfaces, which 
corresponds to mixed regime. 
 
As can be seen from Fig. 4.1, independent of the LM pectin concentration, the effect of pH on LM 
pectin solution was almost similar in this study. The LM pectin solution had the best lubrication 
property (lowest CoF) at pH 4.0, and the CoF increased with the increase of pH values. The 
dissociation constant (pKa) of carboxyl groups is 3.5 (Gilsenan, et al., 2000), which is below the pH 
in this study (pH 5.0). Under this condition the carboxyl anion was the predominant form in the 
system, it could accept excessive H+ with a decrease in pH, reducing electrostatic repulsions along 
and between pectin chains and facilitating the aggregation of pectin chains (Hua, et al., 2015), 
therefore the viscosity of LM pectin solution had the highest value at low pH, as presented in 
section 4.3.1. Thus, a possible explanation for the decrease of the CoF is that the LM pectin solution 
with higher viscosity can separate the surfaces more effectively.  
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Fig. 4.1.  Tribology curve of (A) 0.1% (B) 0.2% (C) 0.4% and (D) 0.8% LM pectin solution under different pH values, 
and 0.8% LM pectin solution with addition of (E) KCl or (F) CaCl2 under pH 5.0 
 
Fig. 4.1F shows the friction curves of LM pectin solution (0.8%, w/w) containing CaCl2 at 37 °C. 
The CoF of LM pectin solution decreased as the concentration of CaCl2 increased. As mentioned in 
section 4.3.1, the addition of CaCl2 increases the viscosity of LM pectin solution. This also implies 
that a better lubrication effect can be obtained with higher viscosity. Liu, Stieger, van Der Linden 
and van de Velde (2016) studied the tribological properties of rice starch, and they also found the 
starch emulsion had better lubrication effect due to the increased viscosity. KCl addition also 
improved the lubrication property of LM pectin solution (Fig. 4.1E) although it decreased the 
viscosity of LM pectin solution (Table 4.1). This is opposite to the assumption that higher viscosity 
improves the tribological property of products. These results suggested that besides viscosity the 
ionic conditions or the conformation of LM pectin in the solution also determined the tribology 
property. In addition, although the influence of concentration on tribological property of LM pectin 
solution was not significant, solutions with higher concentration of LM pectin had a much better 
lubrication property (lower CoF; Fig. 4.2) as obtained in this study.  
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Fig. 4.2.  Tribology curve of different LM pectin solutions with pH 5.0 
 
4.3.3.  Texture 
The gel forming conditions for LM pectin differs from HM pectin, that is, the pH range for gel 
formation is quite wide (2.6–6.8), but it needs the presence of a certain concentration of metal ions 
(usually Ca2+). The Ca2+-pectin gel networks are generated via “junction zones”, as described by the 
“egg-box” model (Fraeye, et al., 2009; Morris, et al., 1982). In this study, the LM pectin could form 
stable gel only when the concentration reached 1.0% and the system contained a certain 
concentration of CaCl2. The mass ratio of metal ions (Ca2+) to LM pectin greatly influenced the 
formation of pectin gel. Preliminary experiments showed that for the LM pectin sample investigated 
in the current study, when the mass ratio of calcium ion to LM pectin is less than 25 mg/g pectin, 
only thickening effect can be found and a stable gel cannot be formed. On the contrary, the formed 
pectin gel was unstable and delamination occurred in a short time when the mass ratio was greater 
than 85 mg/g pectin. Therefore, in this study the mass ratio of calcium ion to pectin was altered 
within the range of 25–85 mg/g pectin (equal to CaCl2 concentration of 0.025–0.085%, w/w), and 
its effect on gel performance are shown in Fig. 4.3A. It is found that the gels were weak when the 
CaCl2 concentration was 0.025%, and as the concentration increased more stable and elastic gels 
were obtained up to 0.045%, while with further increase in the total amount of calcium ions in the 
system, excess calcium ions dehydrate were formed, and the gel strength decreased. Thus, the most 
suitable gel forming conditions (1.0% LM pectin with 0.045% CaCl2) was used to study the 
influence of pH and KCl addition on its texture. 
 
Large deformations (gel hardness) of the LM pectin gels that were treated to different pH and KCl 
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are presented in Fig. 4.3. With the increase of pH values, the hardness of formed LM pectin gels 
decreased. For example, when the pH was 4.0 the hardness was 58.83 ± 4.14 g, while the hardness 
decreased to 14.58 ± 0.26 g when the pH reached 7.0. During pH 4.0–6.0, although the hydrophobic 
and hydrogen bonding interactions remained in the system, the carboxyl anion was the predominant 
form since the pH is above the pKa 3.50 (Han, et al., 2017). It was reported that the "egg-box' 
junction zones are formed between Ca2+ and free dissociated carboxyl groups (Braccini & Pérez, 
2001), forming a firm structure (da Silva & Rao, 2016). However, with the increase of pH, more 
free carboxyl group would exist in the system. This enhances the charge-charge repulsions along 
the chain leading to an increase of molecular distance between LM pectin (Wang, et al., 2014), thus 
weakening  the network structure of LM pectin gels to some extent. Lootens et al (2003) studied 
the effect of pH on gel strength of LM pectin gel in the pH range of 2.6–6.8, and found that when 
pH was close to 3.5, storage shear modulus was the highest and strongest gels were formed. It was 
reported that free dissociated carboxyl group would reach a maximum when the pH got 6.62 (Han, 
et al., 2017), therefore for pH 7.0 and 8.0 the strong electrostatic repulsion between pectin chains 
becomes predominant in the solution, which impedes the ordered interaction between LM pectin 
molecules and CaCl2, and even leads the de-polymerization of pectin (Han, et al., 2017).  
 
Next, in order to study the influence of KCl on the gelling property of LM pectin, the concentration 
of CaCl2 was kept stable (0.045%, w/w) and the KCl concentration was increased from 0.1 to 0.3%, 
as shown in Fig. 4.3C. It was found that the hardness of pectin gels increased when the system 
contained more KCl. For KCl contained gels, Cl-1 anions with higher ionic potential and relative 
lower K+ concentration reduced the mobility and distribution of LM pectin in solution. As a result, 
high concentration of LM pectin in small region can cause the rapid aggregation of pectin 
molecules, and also lead to an increased number of Ca-bridges (formed through the interaction 
between carboxyl groups and Ca2+), thus the structure formed was firmer.  
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Fig. 4.3.  The hardness of 1.0% LM pectin gels (B) under different pH, and with addition of (A) CaCl2 or (C) KCl  
 
4.4.  Conclusion 
In conclusion, when the pH of LM pectin solution was at pH 4.0, the solutions (0.1, 0.2, 0.4, and 
0.8%) had the highest viscosity and best lubrication property (lower CoF). The LM pectin solution 
started to form gel only when the concentration reached 1.0% and the solution contained at least 
0.025% CaCl2, while too much CaCl2 (> 0.085%) would cause pre-gel. Adjusting the pH to higher 
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values (> 4.0) caused adverse impact on the viscosity and tribology properties of LM pectin 
solution as well as the gel strength of the formed gels. Another way to improve the viscosity, 
tribology and texture properties of LM pectin solution was adding CaCl2 into the solution. However, 
although the lubrication property and gel strength increased with more KCl in the solution, KCl 
addition decreased the viscosity of solution. The insights generated from this study provide the 
basic information of rheological and tribological properties of LM pectin solution for its application 
in developing of new dairy products. Curdlan, a neutral polysaccharide, which has both cold-set and 
heat-set gelling property, would be investigated in the next chapter. 
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Chapter 5.  
 
The physicochemical properties of curdlan suspension under appropriate dairy conditions 
and its application in yoghurt 
 
Abstract 
The tasteless and odorless curdlan makes for an excellent food ingredient particularly in dairy 
products. In order to expand its application in dairies it is necessary to understand its 
physicochemical property under dairy conditions. The current study examined the physicochemical 
property of curdlan suspensions (0.1–2.0%, w/w) with added KCl (0–0.3%, w/w) and CaCl2 (0–
3.0%, w/w) in the pH range 4.0–8.0. Further, its application in pot-set yoghurt was investigated. 
The addition of salts depressed gelation of curdlan suspension at pH 5.0, while the addition of 
CaCl2 (> 0.8%) increased formation of curdlan gel. The viscosity of curdlan suspension was stable 
at neutral or acidic condition, but increased under alkali condition. The viscosity of curdlan 
suspension decreased with the addition of KCl, but increased when the addition of CaCl2 was above 
0.1%. The curdlan suspension showed the least lubrication property at pH 4.0. KCl addition 
increased the lubrication property of curdlan suspension, however 2 or 3% CaCl2 addition 
decreased its lubrication property. Although the curdlan addition increased firmness, viscosity and 
reduced the syneresis of yoghurts, too much curdlan (≥ 1.0%) decreased the lubrication property. 
 
 
 
 
 
 
 
 
 
 
 
                               
(*) This chapter has been submitted (under review) as a research paper in LWT-Food Science and 
Technology (IF = 3.129): ZHU, Y., BHANDARI, B., & PRAKASH, S. 2019. The physicochemical 
properties of curdlan suspension and its application in yoghurt. Submission No. LWT-D-19-01655 
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5.1.  Introduction 
Curdlan is a neutral bacterial exopolysaccharides ((1 → 3)-β-glucan) produced by Agrobacterium 
sp. (Harada, et al., 1966). In Japan, curdlan has been utilized as a key component in different kinds 
of foods due to its gelling properties (Phillips & Williams, 2009) and was approved as a 
hydrocolloid by the US Food and Drug Administration (FDA) in 1996. Since curdlan remains 
tasteless and odorless even after severe conditions (high temperature, freeze-thaw), it is normally 
applied in frozen and meat foods (Nakao, et al., 1991). Nakao et al. (1991) suggested adding 
curdlan to products would not only impact their gelation property but also the flow and lubrication 
behaviour of the dairy product. Some studies have investigated the gelling and rheological property 
of curdlan and its application in food industry (Funami, et al., 1998; Mangolim, et al., 2017; Nakao, 
et al., 1991; Ortiz Martinez, et al., 2016). However, information related to the application of curdlan 
into dairy products is limited, and its lubrication property, which is one of the non-rheological 
properties that affect the mouth feeling (Chen, 2009; Malone, et al., 2003), has not been studied. 
 
During dairy processing, pH is an important factor that is monitored closely as the final pH affects 
the texture of products. Potassium chloride (KCl) and calcium chloride (CaCl2) are two main salts 
added in dairy products for different purposes (calcium content added as a nutritional supplement 
while potassium reduces the content of sodium and both change the sensory property of the final 
products) that impact the ionic strength of the dairy products. In order to expand the utilization of 
curdlan in dairy product, a better understand of how properties of curdlan suspension are impacted 
by pH and salts in dairy condition (pH ~ 5.0) is important.  
 
Hence the aims of this study were to investigate the tribological, rheological, and texture properties 
of curdlan suspension under different pH values, curdlan concentrations and salts addition in the use 
range in real dairy products. Moreover, the utilization of curdlan in pot-set yoghurt was also 
evaluated. The results obtained could also extend the understanding of the properties of curdlan in 
wide range of other food products. 
 
5.2.  Materials and methods 
5.2.1.  Materials 
The commercial curdlan (Molecular weight is 74000) used in this study was purchased from 
Shaanxi Orient Industrial Co., Ltd (Shaanxi province, China). The calcium chloride (CaCl2) and 
potassium chloride (KCl) were bought from Melbourne Food Depot (Melbourne, Australia). Trim 
Milk (1.3% fat) obtained from Paul’s (Australia), which is the standard commercial pasteurized and 
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homogenized milk was chosen for the production of yoghurt. For yoghurt fermentation, culture 
YC-X11 (Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus, the 
freeze-dried direct vat set, Chr. Hansen Pty. Ltd., Australia) was utilized as a starter culture, and the 
culture was activated using UHT full cream milk (3.4% fat) before inoculation. All the other 
reagents and chemicals used were food grade (Melbourne Food Depot, Melbourne, Australia) and 
used without any further purification. 
 
5.2.2.  Preparation of curdlan suspension 
Suspensions with four concentrations (0.1, 0.25, 0.5 and 1.0%, w/w) of curdlan were prepared by 
adding the curdlan into distilled water to soak for 30 min and mixed at 10,000 rpm for 5 min 
followed by heating at 90 °C for 15 min. The pH was then adjusted to 4.0, 5.0, 6.0, 7.0 and 8.0 
with1 M sodium hydroxide or 1 M citric acid before heating. After heating, the samples kept at 
room temperature (22–25 °C) for at least 2 hours to cool down before any instrumental test. In the 
study, the curdlan suspensions did not form gel up to a concentration of 2.0% (w/w), thus for 
gelation study, the concentration chosen for curdlan was 2.0% (w/w), and the concentration of 
CaCl2 and KCl used in this study was 0.1–3.0% and 0.1–0.3% (w/w), respectively. For salt added 
suspension, the curdlan was put into distilled water with salt powder at room temperature, mixed at 
10,000 rpm for 5 min, afterwards adjusted the pH to 5.0 followed by heating at 90 °C for 15 min. 
 
5.2.3.  Rheological characteristic of curdlan suspensions 
Flow behavior of curdlan suspensions was evaluated according to Zhu, Bhandari and Prakash (2018) 
with some modifications. Briefly, viscosity measurement was carried out with an increasing shear 
rate 0.1–1000 s-1 at gap 1300 µm using 60 mm stainless steel parallel plate. Triplicate independent 
measurements were carried on at 37 °C and the average viscosity values were reported. 
 
5.2.4.  Tribological measurement 
The tribological measurement was carried on curdlan suspension referring to the method reported 
previously (Zhu, et al., 2018). The curdlan suspensions were added onto the bottom plate of the 
tribometer equipped with half-ring geometry. The measurements were carried out at 37 °C and the 
results were recorded for rotational speeds from 0.01 to 300 mm/s with 20 points per decade. The 
force utilized in this study was 2 N. All testing was conducted in quadruplicates. 
 
5.2.5.  Texture measurement  
A Texture Analyser (TA-XT2, Godalming, Surrey, UK) was used to measure the texture of curdlan 
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gels. Curdlan gels were formed after kept in a freezer at 4 °C for 24 h after heating at 90 °C 
waterbath for 15 min. The sample height was 30 mm in a cylindrical container of about 40 mm. 
Penetration tests were performed using a cylinder probe 12.7 mm in diameter on curdlan gels at the 
speed of 1 mm/s, and the displacement was 10 mm and the trigger force was 5 g. The tests were 
done immediately after the samples were removed from the fridge (4 °C). From the force time 
curves two parameters were obtained: (a) fracturability (g), defined as the force at the first 
significant break in the curve; (b) hardness (g), defined as the highest value during testing (Fiszman 
& Salvador, 1999). 
 
5.2.6.  Application of curdlan in yoghurt 
5.2.6.1. Preparation of yoghurt 
Yoghurt was prepared by first weighing a certain quantity of curdlan powder at room temperature 
(22–25 °C), then adding it to 200 g of trim milk. The mixture of the curdlan and milk was mixed 
using a mixer operated at 10,000 rpm for 5 min to suspend the curdlan. Trim milk samples with 
different concentrations of curdlan powder (0.1–2.0%, w/w) were prepared. Then the samples were 
subjected to heat treatment (90 °C for 15 min) and cooled to ~42 °C immediately. Then 0.2 U/kg 
culture was inoculated into the mixture and the fermentation performed at 42 °C until reached the 
ideal pH (~ 4.6). After fermentation, the yoghurt samples were cooled immediately by running 
water and stored at 4 °C for 48 h before rheology, tribology, syneresis and texture analysis. Two 
independent fresh batches of yoghurt samples were prepared and all the analyses were carried out in 
replicates.  
 
5.2.6.2. Texture Profile Analysis (TPA) 
Textures of yoghurt samples were determined using the same texture analyser and procedure as in 
5.2.5. 
 
5.2.6.3. Syneresis of yoghurt 
The syneresis of yoghurt samples was determined by the previous method (Nguyen, et al., 2017) 
with a modified centrifuge speed. Yoghurts were centrifuged at 3000 × g for 20 min at 4 °C and the 
syneresis was defined as syneresis (%) = 100 × SE weight / MG weight, where SE = serum expelled 
and MG = milk protein gel. 
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5.2.6.4. Rheological and tribological analysis  
Before measurement the yoghurts were stirred gently with a spoon to eliminate any phase 
separation. Rheological and tribological properties of yoghurt samples were obtained using the 
methods as in 5.2.3 and 5.2.4 with some modification.  
 
The samples were equilibrated at 37 °C for 60 s at the measurement gap (100 mm gap) firstly, then 
performed with shear rate increased from 0.1 to 100 s-1. In order to assess the viscoelastic properties 
of yoghurt, a frequency sweep was also done from 0.01 to 10 Hz at 0.5% strain (within the linear 
viscoelastic range). For the tribology measurement, before each testing the yoghurt was equilibrated 
2 min and pre-sheared at 0.01 rad/s for 1 min. All testing was performed in triplicate. 
 
5.2.7.  Statistical analysis 
Statistical analysis was performed by one-way ANOVA (pairwise comparison of means with Tukey 
HSD post-hoc test) using SPSS software 22.0 (SPSS, Chicago, IL). A p-value of < 0.05 was 
considered statistically significant. 
 
5.3.  Results and discussions 
5.3.1.  Flow behavior of curdlan suspension 
Fig. 5.1 shows the viscosity of the curdlan suspension (0.1, 0.25, 0.5 and 1.0%, w/w) at different pH 
with/without salts at 37 °C as a function of shear rate. The graphs show a typical shear-thinning 
behavior, and the effect of pH on the flow behaviour of curdlan suspension is more pronounced at 
low curdlan concentration (0.1 and 0.25%). At shear rate less than 50 s-1, the viscosity of curdlan 
suspension under acidic conditions (pH 4.0–6.0) was lower than viscosity at pH 7.0 and 8.0, and 
then the flow curves merged together and became identical as the shear rate increased further [Fig. 
5.1 (A and B)]. Fig. 5.1 (E and F) shows shear thinning flow behaviour as a result of the addition of 
salts (KCl or CaCl2) to the 1% curdlan suspension. Increasing concentration of salts significantly 
influenced the flow behaviour of curdlan suspension. 
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Fig. 5.1.  Apparent viscosity of (A) 0.1% (B) 0.25% (C) 0.5% and (D) 1.0% curdlan suspension under different pH 
values, and 1.0% curdlan suspension with addition of (E) KCl or (F) CaCl2 under pH 5.0 
 
Like most shear-thinning materials (e.g. gelatin and xanthan gum) that are used in dairy products to 
improve their texture, the curdlan suspension also exhibited a low viscosity at high shear rate 
processing operations (shear rate > 50 s-1), while under low shear rate they could provide high 
viscosity, which might give consumers a pleasant mouthfeel during chewing (Rielly, 1997).  
 
To figure out the effect of pH, curdlan concentration and the addition of salts on the rheological 
property of curdlan suspension, the viscosity at special shear rate (50 s-1, η50) was chosen to 
compare. The η50 for all the curdlan suspensions are presented in Appendices Table. V. A1 and A2.  
 
(a) Effect of pH and curdlan concentration 
The viscosity of curdlan suspensions was very similar for pH 4.0–7.0 but increased significantly at 
pH 8.0, except for 0.1% curdlan suspension. The viscosity of 1.0% curdlan suspension without salts 
added was around 30 mPa·s in the pH range 4.0–7.0, and increased to 37.6 ± 3.1 mPa·s at pH 8.0, 
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which was significantly higher than the viscosity at pH 4.0–7.0 (Appendices Table. V. A1). This 
may be due to its poor solubility, curdlan dissolves in alkaline solutions but not in water under 
acidic or neutral environment (Hatakeyama, et al., 2006). During heating at 90 °C for 15 min, an 
ordered state gradually formed among the partially open curdlan molecules through a mixture of 
single and triple helices (Funami, et al., 2000), which strengthens the interactions in curdlan 
suspension and hence increase the viscosity. However, Grandpierre, Janssen, Laroche, Michaud and 
Warrand (2008) reported curdlan to be insoluble or partly soluble in acidic and neutral condition 
even when heated and also degrades in acidic conditions. This is possibly why in this study the 0.1% 
curdlan suspension has lower viscosity at pH 4.0–6.0 than at pH 7.0 and 8.0 (Fig. 5.1). In general, 
there was no significant change among the viscosity of curdlan suspension in the pH range 4.0 to 
6.0 independent of curdlan concentration, which means the curdlan is quite stable in the pH range 
of dairy products. 
 
In addition, comparing the viscosity of curdlan suspension at different concentration at the same pH, 
it was observed that the viscosity value of 0.25% curdlan suspension was 2.78 ± 0.13 mPa·s at pH 
7.0 and raised to 29.7 ± 0.9 mPa·s when the concentration of curdlan increased to 1.0%, suggesting 
viscosity of curdlan suspension is concentration dependent. Similar results were observed by Lo, 
Robbins, ArginSoysal and Sadar (2003) who obtained higher viscosity at higher concentrations 
of curdlan.  
 
(b) Effect of salts 
The viscosity of 1.0% curdlan suspension without salts was 30.7 ± 1.4 mPa·s and decreased to 25.2 
± 1.5 mPa·s when 0.1% KCl was added, and it progressively decreased to 18.7 ± 1.5 mPa·s as the 
concentration of KCl added further increased to 0.3%. This is because the hydration or disordering 
of curdlan molecules was inhibited with salts addition (Funami & Nishinari, 2007; Konno, et al., 
1993; Kunz, et al., 2004; Xu, et al., 2004), causing the reduction of molecular mobility of curdlan 
and subsequently repressing the hydrophobic interactions among curdlan molecules during heat 
treatment. 
 
With addition of CaCl2, although the viscosity of 1.0% curdlan suspension decreased from 30.7 ± 
1.4 mPa·s (no salt added) to 15.6 ± 1.7 mPa·s after 0.1% addition of CaCl2, while the viscosity 
started to increase as the concentration of CaCl2 was above 0.1% and finally reached 108.6 ± 12.9 
mPa·s with 3.0% added CaCl2 (Appendices Table. V. A2), which was significantly higher than 1.0% 
curdlan suspension without any added salt. This increase in viscosity of curdlan suspension with 
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CaCl2 addition may be due to the formation of bridge structures by curdlan molecules in the 
presence of Ca2+. As reported previously although curdlan is a neutral polysaccharide, during 
heating the calcium cations could act as bridge between curdlan molecules to enhance internal 
connections. Sato, Nobe, Dobashi, Yamamoto and Konno (2005) also found that the cross-links 
between calcium cations and helical curdlan molecules when calcium cations existed. The stability 
of the system is enhanced, leading the increase of viscosity of the curdlan-CaCl2 complex. 
 
5.3.2.  Tribological property of curdlan suspension  
Tribological results of curdlan suspensions with/without salts measured under 2 N force is 
presented in Fig. 5.2.  
 
(a) Effect of pH and concentration  
From Fig. 5.2, it can be seen that for low concentration of curdlan suspension (0.1%), the 
coefficient of friction increased with the raise of sliding speed during the low speed range and 
reached the highest value, then decreased as the sliding speed increased further. The lubrication 
profile does not fit the classical Stribeck curve (Prakash, et al., 2013). This may be because at low 
concentration, the suspensions are more like solution. However, when the concentration of curdlan 
increased to 0.25% or higher, the friction curve of curdlan suspension presented a ‘‘stick and slide’’ 
pattern, namely the coefficient of friction was almost no change during low sliding speed range and 
reduced with further increase of sliding speed. The reason for this happen is at low sliding speed the 
curdlan suspension acts as a thin lubricating film, which cannot prevent the contact between two 
surfaces and the friction mainly depends on the asperity contact among two surfaces. However, at 
higher sliding speeds more samples would enter into the contact zone to partly separate the two 
surfaces, leading the decrease of coefficients of friction. Besides, the coefficient of friction reduced 
with the increasing concentration of curdlan under acidic conditions (pH 4.0 and 5.0). This may be 
due to the interaction among curdlan molecules increased, as more curdlan was included in 
suspension and raised the adhesion property of curdlan suspension. This suggests that the 
lubrication property of curdlan suspension may be concentration depend. 
 
In addition, the curdlan suspension had higher friction coefficient at pH 4.0 for all concentrations 
and the friction coefficient decreased as pH increased, and coefficient of friction reached lowest 
value at pH 8.0, particularly at high sliding speeds (Fig. 5.2). This may be because at pH 4.0, there 
are many H+ or H3O+ in the system, which easily attach and cover the formed lubrication film, and 
inhibit the adhesion of neutral curdlan molecules to act as fat to separate the two surfaces, so the 
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coefficient of friction was quite high at pH 4.0 compared to the friction coefficient at other pHs. 
 
 
Fig. 5.2.  Tribology curve of different curdlan suspensions with (A) pH 4.0 or (B) pH 5.0, and (C) 0.1%; (D) 0.25%; 
(E) 0.5%; (F) 1.0% curdlan suspension under different pHs, and 1.0% curdlan suspension with (G) KCl or (H) CaCl2 
added 
 
(b) Effect of salts  
Fig. 5.2 also shows the tribology results of curdlan suspension with added KCl or CaCl2 at pH 5.0 
and 37 °C. The friction coefficients of curdlan suspension decreased with increased addition of KCl. 
However, for curdlan suspension with added CaCl2, after an initial sharp decrease at low 
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concentration of CaCl2, the friction coefficients increased as the CaCl2 concentration increased (Fig. 
5.2H). This phenomenon was opposite to the speculation that better lubrication effect would be got 
under higher viscosity (Nguyen, et al., 2016). This may be due to the interaction between curdlan 
and CaCl2, which increase the size of curdlan molecules in the suspension, and the large curdlan 
granule is difficult to stay between the two plates, thus leading the higher friction coefficient. This 
supports what was previously stated that the tribological property of a sample is not related to 
viscosity but influenced by the particle size of system (Nguyen, et al., 2016).  
 
5.3.3.  Textural analysis 
Large deformations (e.g. hardness and fracturability) of the 2.0% curdlan gel were measured using a 
texture analyser. The hardness and fracturability of the samples under different pH with/without 
salts added are showed in Fig. 5.3.  
 
(a) Effect of pH  
Fig. 5.3 (A) shows both fracturability and hardness of curdlan gel was lowest at pH 7.0, and was not 
significantly different in the pH range 4.0 to 6.0. However, under alkaline (pH = 8.0) environment 
both the hardness and fracturability of the curdlan suspension increased and was significantly 
higher than at other pHs. According to Marc-André and Michel (2007) and Funami, Unami, Yada 
and Nakao (1999), the breakage of intra- or inter-molecular hydrogen bonds is very important for 
the formation of both irreversible and reversible curdlan gels. At neutral environment (pH = 7.0), 
the breakage of hydrogen bonds in curdlan molecules is suppressed, which is responsible for the 
low gel strength. In addition, although curdlan is insoluble or partly soluble in water under neutral 
or acid condition, it is soluble in alkali condition (Zhang, et al., 2002). The dissolved curdlan might 
help with the formation of a firm gel structure, causing an increase of curdlan gel strength. 
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Fig. 5.3.  The hardness and fracturability of 2.0% curdlan gels (A) under different pH and with addition of (E) KCl or 
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(F) CaCl2 under pH 5.0. The curdlan gels formed after heated at 90 °C for 15mins and stored at 4 °C for 24 hours. 
Different superscripts indicate the significant differences (P < 0.05). Bars represent the standard deviation (n=6) 
 
(b) Effect of salts  
Both fracturability and hardness of 2.0% curdlan gels reduced with the addition of CaCl2 and KCl 
in the range 0–0.8% and 0–0.3%, added independently [Fig. 5.3 (B and C)]. Results suggest that the 
ability of formed curdlan gels to endure a large deformation decreased since the network structure 
weakened by salts addition. As mentioned, the breakage among the intra- or inter-molecular 
hydrogen bonds is a key factor for the formation of curdlan gel. Decrease in the gel strength of 
curdlan with salts addition is attributed to the reduction of swelling of curdlan at temperature below 
80 °C (Funami & Nishinari, 2007), causing the incomplete breakage of intra- or inter-molecular 
hydrogen bonds during swelling. Besides, the incomplete breakage causes the number of junction 
zones decreased, which is formed during cooling since the re-natured or new hydrogen bonds 
among the curdlan molecules, thus decreasing the formation of reversible gels (Funami & Nishinari, 
2007). However, Fig. 5.3 (C) shows that when the amount of added CaCl2 reached 2.0% in curdlan 
suspension, both hardness and fracturability of formed gel increased sharply. This may be due to the 
formation of calcium-gel (Spicer, et al., 1999) in the presence of an increased amount of Ca2+ in the 
suspension. The bridge structures formed inside calcium-gel may be responsible for firmer structure 
and increased gel strength. 
 
5.3.4.  Application of curdlan in yoghurt 
Syneresis and texture are the two main aspects that define the quality of yoghurts. Table 5.1 
displays the rheological properties and syneresis of pot-set yoghurt samples with and without 
curdlan after storage. It can be seen that the utilization of curdlan produce obvious differences in the 
parameters of firmness and G'/G'' of the yoghurt compared to the yoghurt with no added curdlan. 
Due to the heat-gelling property of curdlan, heat treatment before fermentation promoted the 
intermolecular hydrophobic interactions in the milk system to structure the system (Mangolim, et al., 
2017), making the set-yoghurt more consistent, which may longer the processing time in mouth 
because of its denser texture, this provides consumers with a full taste. Besides, it also can be noted 
that the yoghurt with curdlan had higher viscosity values due to the gelling of the curdlan (Table 
5.1).  
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Table 5.1.  Firmness (N), viscoelastic parameters (G'/G''), syneresis (%) and viscosity η50 (Pa·s) of the pot-set 
products 
Product Firmness 
(g) 
G', at 1  
Hz 
G'', at 1  
Hz 
Syneresis 
(%) 
Viscosity η50 
(Pa·s) 
Trim (1.3% fat; 3.5% protein) 10.2 ± 0.3c 64.0 ± 2.9e 17.4 ± 0.4e 50.8 ± 5.7a 0.2 ± 0.02d 
Trim + 0.01% curdlan 22.2 ± 1.0b 90.6 ± 5.5d 25.4 ± 2.9d 44.5 ± 1.3ab 0.3 ± 0.04cd 
Trim + 0.25% curdlan 21.3 ± 0.9b 145.6 ± 4.6c 39.5 ± 2.9c 37.4 ± 0.1b 0.4 ± 0.08c 
Trim + 0.5% curdlan 23.2 ± 1.2b 196.0 ± 1.6b 48.1 ± 0.9b 33.4 ± 2.1b 0.7 ± 0.03b 
Trim + 1.0% curdlan 26.4 ± 0.9a 282.8 ± 2.1a 57.4 ± 0.7a 30.3 ± 1.5b 1.3 ± 0.03a 
Data are mean ± standard deviation for triplicate measurements. Different superscripts in the same column indicate significant differences (p < 0.05) 
 
It was observed that syneresis of yoghurt decreased with the addition of curdlan (Table 5.1). This 
suggests that addition of curdlan endows the yoghurt to have a better ability to maintain the 
structure, hindering rearrangements among the casein network during storage and reducing the 
expulsion of whey. Yoghurts contains curdlan were produced by Ortiz Martinez et al. (2016) and 
Mangolim et al. (2017), and compared with the yoghurt without curdlan they also found the 
curdlan-contained yoghurts got an obvious reduction in syneresis. The authors attributed this 
improvement to the interactions among curdlan molecules, either between curdlan itself or with the 
dairy proteins. A more continuous and tight three-dimensional protein network would be formed 
through these interactions and entrapped the water and protein molecules effectively. 
 
 
Fig. 5.4.  Tribology curve of pot-set yoghurt with different levels of curdlan 
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For semi-solid food like yoghurt, some characteristics of sensory mouthfeel, especially those related 
to fat content (e.g. smoothness, creaminess and fatty feel), were found more related to lubrication 
property than viscosity of food (Baier, 2009; Nguyen, et al., 2017). Therefore, the effect of curdlan 
on the lubrication characteristic of yoghurt through tribology test was also investigated. In this 
study the yoghurt samples had more complex structure, that is a tight and cross-linked protein 
network formed through the associated interaction between casein micelles and the denatured whey 
proteins, and the fat globules and liquid whey were entrapped in the system. Therefore, the friction 
curves showed in Fig. 5.4 did not fit the classical Stribeck curve, but rather similar to the friction 
curve proposed by Nguyen et al. (2017). As shown in Fig. 5.4 that with addition of curdlan (0.01–
0.5%, w/w), the coefficient of friction decreased, which means the lubrication property of yoghurt 
improved with curdlan addition. However, when the concentration of curdlan reached 1.0%, the 
coefficient of friction became larger, especially when the sliding speed was above 10 mm/s. Similar 
phenomenon was found for skim yoghurt at higher concentrations of modified starch and xanthan 
(Nguyen, et al., 2017). 
 
5.4.  Conclusion 
To sum up, the curdlan suspension formed firm gels only at 2.0% concentration in this study. The 
fracturability and hardness of the formed gel was lowest at neutral environment (pH = 7.0). The 
addition of low concentration of salts (KCl or CaCl2) inhibited the gelation of curdlan suspension. 
However, the strength of curdlan gels became larger with large amount of CaCl2 added (> 0.8%).  
 
The viscosity of curdlan suspension (0.1, 0.25, 0.5 and 1.0%, w/w) did not change significantly in 
the pH range 4.0–6.0, but increased at pH 8.0. The viscosity of curdlan suspension decreased upon 
addition of KCl (0.1–0.3%) or 0.1–0.3% CaCl2. While when the concentration of added CaCl2 
increased to 0.8% or above the viscosity of curdlan suspension increased. The curdlan suspension 
had the best lubrication property under alkaline condition. It is interesting to observe that the 
lubrication property of curdlan suspension improved to some extent with the addition of salts (KCl 
and CaCl2). However, too much CaCl2 (≥ 0.8%) caused a decrease in the lubrication property of 
curdlan suspension.  
 
Although the curdlan addition raised viscosity, firmness and decreased the syneresis of pot-set 
yoghurt, too high concentration (≥ 1.0%, w/w) decreased the lubrication property of yoghurt. As a 
hydrocolloid approved to be used in food industry, curdlan is still not very popular in dairy products. 
This work investigated some basic knowledge of curdlan suspension at low concentration in dairy 
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conditions, which gives some reference information for future research and development of curdlan 
incorporated dairy products. Until this chapter, the rheology, tribology and texture properties of 
four selected hydrocolloids' solution/suspension under dairy conditions have been investigated, thus 
their application in milk protein solution, especially high protein solution, would be studied in the 
next chapter. 
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5.5.  Appendices 
 
Table V. A1.  Apparent viscosity (η50) for 0.1, 0.25 and 0.5% curdlan suspension under different pH values 
Curdlan Concentration pH Apparent viscosity (mPa·s)* 
0.1% 4.0 1.28 ± 0.09b 
5.0 1.32 ± 0.07b 
6.0 1.25 ± 0.04b 
7.0 1.57 ± 0.29ab 
8.0 1.71 ± 0.24a 
0.25% 4.0 2.84 ± 0.13b 
5.0 2.66 ± 0.09b 
6.0 2.74 ± 0.03b 
7.0 2.78 ± 0.13b 
8.0 3.44 ± 0.24a 
0.5% 4.0 4.78 ± 0.38b 
5.0 5.08 ± 0.13b 
6.0 5.14 ± 0.15b 
7.0 5.09 ± 0.51b 
8.0 5.95 ± 0.34a 
*Apparent viscosities are mean ± standard deviation for triplicate measurements. Different superscripts in the same column indicate significant differences (p < 
0.05) 
 
 
Chapter 5. Physicochemical properties of curdlan suspension and its application in yoghurt 
	 111	
 
Table V. A2.  Apparent viscosity (η50) for 1.0% curdlan suspension with/without the addition of salts 
1.0% Curdlan  Apparent viscosity (mPa·s)* 
 
 
pH 
4.0 27.3 ± 5.0b 
5.0 30.7 ± 1.4b 
6.0 27.7 ± 3.2b 
7.0 29.7 ± 0.9b 
8.0 37.6 ± 3.1a 
 
KCl concentration (w/w %) 
0.1 25.2 ± 1.5a 
0.2 18.5 ± 0.9b 
0.3 18.7 ± 1.5b 
 
 
CaCl2 concentration (w/w %) 
0.1 15.6 ± 1.7d 
0.2 21.7 ± 0.1c 
0.3 30.9 ± 2.1b 
0.8 36.2 ± 3.5b 
2.0 92.1 ± 3.7a 
3.0 108.6 ± 12.9a 
*Apparent viscosities are mean ± standard deviation for triplicate measurements. Different superscripts in the same column indicate significant differences (p < 
0.05) 
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Chapter 6.  
 
Protein concentration and hydrocolloid effect on the rheological and tribological 
characteristics of resulting protein solution (*) 
 
Abstract 
In recent years, the consumption of high protein beverages has increased due to the consciousness 
among consumers about their body weight. This study investigated the rheological, tribological and 
visual properties of pure protein solutions with variable protein concentrations and with/without 
hydrocolloids (gelatin, κ-carrageenan, low methoxy pectin and curdlan). Although whey protein 
addition did not have any obvious influence on the appearances of protein solutions, it increased the 
stability against agglomeration and improved viscosity and lubrication property (measured as a 
friction coefficient) to some extent. The protein solutions became less stable with addition of the 
hydrocolloids under investigation, however the flow and lubrication behaviour of the protein 
solutions improved as the amount of hydrocolloids increased. The protein solution containing 0.25 
g/100 g of curdlan showed the best lubrication property at both 15 and 37 °C.  
 
 
 
 
 
 
 
 
 
 
 
 
                               
(*) This chapter has been published as a research paper in LWT-Food Science and Technology (IF 
= 3.129): ZHU, Y., BHANDARI, B., PANG, Z., LIU, X. & PRAKASH, S. 2019. Protein 
concentration and hydrocolloid effect on the rheological and tribological of resulting protein 
solution. LWT-Food Science and Technology, 100, 150-157. The manuscript was modified to keep 
the format consistent throughout the thesis.
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6.1.  Introduction 
The macronutrient protein can give a stronger feeling of satiety and increase energy expenditure 
following consumption in comparison to carbohydrates and fats (Anderson & Moore, 2004; Halton 
& Hu, 2004; Paddon-Jones, et al., 2008). Therefore, for body-weight control and treatment of 
obesity, high protein foods are considered potential candidates. High-protein products are 
increasingly being developed in several dairy and non-dairy areas, such as cheese, yoghurt, ice 
creams, fruits, beverages, and specialized health products because of their unique health benefiting 
properties (Uluko, et al., 2015).  
 
Milk that contains approximately 3.0 g/100 g protein is ideally thought as high protein food. Dairy 
proteins such as caseins and whey proteins are common in high protein liquid formulations and the 
ratio of casein to whey protein in milk is 4:1 (O’Mahony & Fox, 2014). Although like most proteins, 
whey proteins are not stable at high protein concentrations with increased viscosity and gelation 
after heat treatment resulting in undrinkable products (Sağlam, et al., 2014), it is still widely used as 
an important ingredient in many foods due its functionalities such as gelation, emulsification, 
thickening, foaming and fat & flavour binding capacity (Foegeding, 2015; Onwulata, et al., 2008). 
Hydrocolloids are normally used to help maintain a desired product property when developing high 
protein foods since unwanted interactions always occurs between the ingredients (Nguyen, et al., 
2017; Sağlam, et al., 2014). In this study, low methoxy (LM) pectin, gelatin and κ-carrageenan that 
are commonly used in the dairy industry and curdlan that is gradually being introduced in dairy 
products as it can enhance the mouthfeel properties were used (Nakao, et al., 1991; Phillips & 
Williams, 2009; Salvador & Fiszman, 1998). The concentrations of hydrocolloids recommended to 
be used in dairy products is < 0.3 g/100 g (Laaman, 2011; Phillips & Williams, 2009), thus 
choosing 0.01, 0.05 and 0.25 g/100 g in this study. 
 
Rheological (bulk) and tribological (thin-film) properties are essential characteristics that provide 
cues of the viscosity (thickness) and mouthfeel attributes (smoothness and creaminess) of the high 
protein solutions with and without hydrocolloids (Baier, 2009; Kokini, 1987; Malone, et al., 2003; 
O’Mahony & Fox, 2014). Particularly there is limited information on the oral sensations (described 
by frictional forces) imparted by pure proteins and protein-hydrocolloid complexes that are 
essential to understand for product formulations.  
 
The zeta potential describes the magnitude of charge present on a colloidal particle. It is calculated 
from the electrophoretic mobility of a colloid and is loosely defined as the charge on the particle at 
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the ‘‘shear plane’’. This plane is a theoretical position outside of the colloid, where the particle 
interacts freely with its surrounding media. Particles with a high zeta potential are self-stabilizing, 
as their charge inhibits coalescence and enhances stability (Sejersen, et al., 2007). In dairy research, 
zeta potential has been used as an indicator of the electrical charge of milk fat globules and of 
casein micelles/particles. 
 
The aim of the current study is to investigate the rheological, tribological and visual properties of 
pure protein solutions containing casein and whey proteins at different proportions with and without 
four different hydrocolloids, including gelatin, κ-carrageenan, LM pectin and in particular curdlan 
to explore the possibility of their use in dairy high protein beverage. Besides, the effect of whey 
protein addition on the protein solution was also investigated. 
 
6.2.  Materials and methods 
6.2.1.  Materials 
Three hydrocolloids (gelatin, κ-carrageenan and pectin) used in this study were obtained from 
Melbourne Food Depot (Melbourne, Australia). The gelatin was a light colored edible bovine skin 
(type B) powder with bloom 220. The Kappa type carrageenan and low methoxyl (LM) pectin were 
also commonly used in the food industry. The curdlan (Molecular weight is 74000) was bought 
from Shaanxi Orient Industrial Co., Ltd (Shaanxi province, China). The milk protein ingredients, 
whey protein isolate (WPI, protein 94.4 g/100 g, moisture 4.5 g/100 g, fat 0.3 g/100 g, lactose 0.1 
g/100 g and ash 1.9 g/100 g) was obtained from Fonterra Co-operative Group Ltd (Auckland, New 
Zealand) and micellar casein (protein 82.0 g/100 g, moisture 7.3 g/100 g, fat 1.3 g/100 g, lactose 4.6 
g/100 g and ash 4.8 g/100 g) was purchased from Bulk Nutrients (Sydney, Australia). All the 
reagents were of food grade and used without further purification. 
 
6.2.2.  Protein solution preparation 
Protein solutions were formulated by adding micellar casein and WPI to ultra-pure water. The 
weight of micellar casein was 2.4 g/100 g in all samples while varying amount of WPI was added to 
achieve the final protein concentration of 3.0, 4.0, 6.0, 8.0 and 10.0 g/100 g, respectively. The 
following preparation procedure was used for all protein solutions. To ensure that no clumping 
occurred, the protein powder was added slowly to the water in a beaker placed on a Fisher Thermix 
310T stirring plate (American Instruments Exchange, Inc., Haverhill, MA) and kept for 2 hours at 
25 °C under moderate agitation at 400 rpm. A second dispersion and hydration step consisted of 
using an UltraTurrax Model T25 fitted with an S25N-18G dispersion tool (IKA Works Inc., 
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Wilmington, NC) for 5 min at 10,000 rpm and then sonicated in an ultrasonic bath for 20 min at 300 
W. The solutions were kept in 4 °C overnight for further hydration. The next day the stock protein 
solution was mixed with the selected hydrocolloids before heating (95 °C for 10 min), and the final 
concentration of hydrocolloids in the system was 0.01, 0.05 and 0.25 g/100 g. A sample with no 
hydrocolloids was treated as control. After heating the samples were cooled with running water 
immediately and stored at 4 °C for 48 hours till instrumental analysis and appearance evaluation. 
 
6.2.3.  Zeta-potential & particle size measurement 
The zeta-potential and particle size of protein solution was measured by dynamic light scattering 
using the Zetasizer Nano ZS (Malvern Instruments Ltd., United Kingdom). For the measurement, 
samples were diluted 500 times with deionised water before measurement. The zeta-potential and 
particle size was reported as the average and standard deviation of measurements made on three 
freshly prepared samples. 
 
6.2.4.  Rheological measurement 
Viscosities of protein samples were measured under steady state shear conditions by 
stress-controlled rheometer (Discovery Hybrid Rheometer, TA Instrument, USA) using 40 mm 
aluminium parallel plates at 1300 µm gap, with shear rate ranging from 0.1 to 100 s-1. At the 
beginning of each test, the samples were equilibrated again for 120 s at 15 or 37 °C between the 
plates at the measurement gap and subjected to a pre-shear for 60 s at a shear rate of 0.1 s-1. All tests 
were performed at 15 and 37 °C. 
 
6.2.5.  Tribological measurement 
Lubrication properties of protein samples were measured on a Discovery Hybrid Rheometer, using 
ring on plate tribo-rheometry (TA Instrument, USA) on a rough plastic surface of 3M Transpore 
Surgical Tape 1527-2 (3M Health Care, USA). A 3-ball spherical geometry was used to measure 
tribology in this work.  
 
The tribology measurement was performed at 15 and 37 °C. Since the in-mouth force was reported 
to be between 0.01 and 10 N (Miller & Watkin, 1996), a constant normal force of 2 N was used to 
represent the moderate normal force applied on samples during oral processing. The samples were 
pre-sheared at the speed of 0.01 rad/s for 1 min, and then equilibrated for another 1 min before each 
measurement. The results were recorded for rotational speeds from 0.01 to 100 mm/s with 10 points 
per decade.  
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6.2.6.  Appearance evaluation 
After 48 hours of storage at 4 °C the protein solutions were equilibrated at room temperature (22–
25 °C) for 1 h followed by evaluation of appearance. 
 
6.2.7.  Statistical analysis 
All the experiments were performed in triplicate and the results are expressed as the mean of 
independent experiments ± standard deviation. Experimental data were subjected to one-way 
ANOVA (pairwise comparison of means with Tukey HSD post-hoc test) in order to find differences 
in samples. Data was analyzed using SPSS software 22.0 (SPSS, Chicago, IL). A p-value of < 0.05 
was considered statistically significant. 
 
6.3.  Results and discussions 
6.3.1.  Zeta-potential, particle size and appearance of protein solution 
Tables 6.1 and 6.2 show the zeta potential and particle size of different protein solution with and 
without hydrocolloids. With the exception of 10.0 g/100 g protein, the addition of WPI increased 
the absolute zeta-potential (Table 6.1) and decreased the particle size (Table 6.2) of the protein 
solution, suggesting improved stability of the solution. Casein and WPI interact during heating and 
WPI would adsorb on the surface of casein to form a casein-WPI complex (Donato & Guyomarc'H, 
2009), this may prevent congregation and help the protein to be well dispersed in the solution. 
Additionally, disulfide bridges formed between milk proteins due to heating (Pakseresht, et al., 
2017), binds the proteins together hindering protein precipitation, thereby improving the stability.  
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Table 6.1.  The zeta potential of different protein solution with/without various concentrations (0.01, 0.05 and 0.25 g/100 g) of gelatin, κ-carrageenan, LM pectin and curdlan 
Mean value (n=9) in mV and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicate significant differences between additions of hydrocolloids (P < 0.05)
Samples 
(g/100 g) 
3.0 g/100 g protein 
(casein/WPI=2.4/0.6) 
4.0 g/100 g protein 
(casein/WPI=2.4/1.6) 
6.0 g/100 g protein 
(casein/WPI=2.4/3.6) 
8.0 g/100 g protein 
(casein/WPI=2.4/5.6) 
10.0 g/100 g protein 
(casein/WPI=2.4/7.6) 
Control -22.37 (1.10) Abc -22.87 (0.97) ABc -23.53 (0.73) ABb -24.30 (0.65) Bc -25.80 (0.31) Cab 
0.01 Gelatin -20.37 (0.93) Ab -21.00 (0.61) Ab -21.57 (0.49) Aa -23.33 (0.36) Bc -26.83 (0.48) Cb 
0.05 Gelatin -20.33 (0.74) Ab -20.83 (0.35) Ab -21.47 (0.90) Aa -23.47 (0.36) Bc -24.53 (0.41) Ca 
0.25 Gelatin -15.70 (0.87) Aa -17.63 (0.71) Ba -21.10 (0.85) Ca -23.50 (0.74) Dbc -24.83 (0.76) Da 
0.01 κ-Carrageenan -21.13 (0.49) Abc -21.57 (0.30) ABc -22.00 (0.17) Ba -22.87 (0.18) Cbc -27.57 (0.18) Dc 
0.05 κ-Carrageenan - - - - - 
0.25 κ-Carrageenan - - - - - 
0.01 Pectin -20.73 (0.35) Ab -21.27 (0.59) ABbc -21.90 (0.68) Ba -24.57 (0.41) Cd -24.93 (0.66) Ca 
0.05 Pectin -21.73 (0.36) Ac -22.33 (0.65) Ac -22.33 (0.66) Aab -23.97 (0.33) Bc -25.30 (0.43) Ca 
0.25 Pectin - - - - - 
0.01 Curdlan -20.93 (0.66) Abc -21.10 (0.57) Ab -21.33 (0.58) Aab -21.80 (0.40) Aa -26.37 (0.71) Bb 
0.05 Curdlan -20.13 (0.41) Ab -20.83 (0.93) ABbc -21.87 (0.13) Ba -22.60 (0.30) Cb -25.77 (0.97) Da 
0.25 Curdlan -20.17 (0.48) Ab -20.23 (0.59) Ab -20.80 (0.40) Aa -22.17 (0.30) Bab -26.17 (0.20) Cb 
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The particle size of protein solution increased with the addition of hydrocolloids, while the zeta 
potential value was the same with 0.01 and 0.05 g/100 g hydrocolloids (Table 6.1 and 6.2), 
suggesting hydrocolloid addition decreased the protein stability in the system. Moreover, for protein 
solution (< 4.0 g/100 g) with 0.25 g/100 g gelatin, the zeta potential value changed from 
-22.37±1.10 mV to -15.70±0.87 mV (Table 6.1), the absolute zeta potential value decreasing 
significantly. It has been reported that gelatin has some interaction with milk protein (Pang, et al., 
2014), that causes aggregation of protein in the system thereby making the protein less stable. The 
non-ionic hydrocolloid, curdlan, may have segregative interaction with milk protein since it absorbs 
water and expands at the beginning of heating (Funami & Nishinari, 2007), which is not ideal for 
the stability of protein solution. While in this study, although the particle size increased, the zeta 
potential of protein solutions with curdlan was almost the same compared with control, even with 
0.25 g of curdlan (Table 6.1). Curdlan has thermal irreversible interactions between itself during 
heating at high temperature (80 °C) (Nakao, et al., 1991) that may help with the stability of protein. 
Therefore, for the application in high protein dairy drinks curdlan may have an advantage over 
gelatin because it has less influence on the stability of milk protein system, even at high 
concentration. In addition, when the protein solution reached 10.0 g/100 g protein, it showed large 
absolute zeta potential value even the particle size in the solution was also big, especially after 
hydrocolloids were added. Since the WPI has heat-gelling property, at high concentration (10.0 
g/100 g) the protein solution becomes semisolid and very viscous after heating, hindering the 
conglomeration and moving of particles in the system, that may be responsible for the high absolute 
zeta potential value although the particle size was large. 
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Table 6.2.  The particle size of different protein solution with/without various concentrations (0.01, 0.05 and 0.25 g/100 g) of gelatin, κ-carrageenan, LM pectin and curdlan 
Mean value (n=9) in nm and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicate significant differences between additions of hydrocolloids (P < 0.05)
Samples 
(g/100 g) 
3.0 g/100 g protein 
(casein/WPI=2.4/0.6) 
4.0 g/100 g protein 
(casein/WPI=2.4/1.6) 
6.0 g/100 g protein 
(casein/WPI=2.4/3.6) 
8.0 g/100 g protein 
(casein/WPI=2.4/5.6) 
10.0 g/100 g protein 
(casein/WPI=2.4/7.6) 
Control 184.1 (2.46) Afg 175.9 (1.91) Bf 150.6 (0.33) Dg 134.3 (1.31) Ef 168.9 (0.99) Cf 
0.01 Gelatin 197.4 (1.69) Ad 179.1 (2.47) Bef 171.3 (2.17) Cd 141.0 (1.87) De 183.0 (1.60) Be 
0.05 Gelatin 201.8 (0.23) Ac 186.6 (0.58) Bc 175.3 (2.75) Dcd 152.5 (0.56) Ed 182.4 (1.05) Ce 
0.25 Gelatin 260.8 (5.34) Aa 225.7 (0.60) Ca 178.3 (1.52) Dc 164.4 (1.39) Eb 246.1 (0.69) Bb 
0.01 κ-Carrageenan 208.9 (0.79) Bb 199.0 (1.85) Cb 194.8 (0.95) Da 184.1 (6.99) Ea 325.1 (6.78) Aa 
0.05 κ-Carrageenan - - - - - 
0.25 κ-Carrageenan - - - - - 
0.01 Pectin 186.9 (0.66) Bf 184.4 (0.71) Cd 166.6 (1.88) De 165.2 (1.85) Db 201.2 (2.46) Ad 
0.05 Pectin 186.0 (1.44) Bfg 184.8 (1.08) Bd 163.4 (2.47) Cf 158.4 (0.61) Dc 202.0 (5.25) Ad 
0.25 Pectin - - - - - 
0.01 Curdlan 181.5 (2.25) Bg 181.6 (0.53) Be 178.8 (0.39) Cc 178.6 (2.13) BCa 206.5 (3.75) Acd 
0.05 Curdlan 184.0 (2.12) Bg 182.9 (1.51) Bde 180.0 (2.50) BCbc 178.1 (2.47) Ca 201.7 (4.20) Ad 
0.25 Curdlan 188.6 (1.01) Be 186.5 (0.55) Cc 184.4 (2.46) CDb 182.2 (1.01) Da 215.7 (6.72) Ac 
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Fig. 6.1.  The appearance of protein solution with/without different concentration (0.01, 0.05 and 0.25 g/100 g) of gelatin, κ-carrageenan, LM pectin and curdlan (A) 3.0 g/100 g 
Protein solution (casein/WPI=2.4/0.6); (B) 4.0 g/100 g Protein solution (casein/WPI=2.4/1.6); (C) 6.0 g/100 g Protein solution (casein/WPI=2.4/3.6); (D) 8.0 g/100 g Protein solution 
(casein/WPI=2.4/5.6); (E) 10.0 g/100 g Protein solution (casein/WPI=2.4/7.6). * Means gel formed and the other samples without mark kept solution after 4 °C storage 48 hours 
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The viscosity of the protein solutions at 37 °C was lower compared to that at 15 °C (Table 6.3 and 
6.4). This was markedly obvious for gelatin added protein solution. For instance, the viscosity of 
8.0 g/100 g protein solution with 0.25 g/100 g gelatin added decreased from 37.58 ± 0.60 mPa·s to 
9.18 ± 0.27 mPa·s when the temperature increased from 15 to 37 °C. As the temperature increases, 
the weak bonds (hydrogen bonds) that is sensitive to temperature break, which may cause the 
decrease in samples' viscosity. However, it should be noted that the viscosity of protein solution 
with κ-carrageenan and curdlan was still nearly twice compared to pure protein solution (Table 6.4). 
Previous studies showed that κ-carrageenan presents strong interaction with κ-casein (Pang, et al., 
2015) and curdlan has a thermo-irreversible interaction with itself at high temperature (Funami, et 
al., 2000; Funami & Nishinari, 2007), thus although the viscosity decreased due to temperature it is 
still significantly higher than control (Table 6.4). Through viscosity results, it can say that 
κ-carrageenan and curdlan could be an ideal choice for high-protein drinks since they could even 
raise the viscosity of solutions under oral temperature conditions (37 °C). 
 
6.3.3.  Tribological properties of protein solution 
Lubrication properties of the protein solution with/without hydrocolloids, measured using the 
tribo-rheometer at 2 N set at 15 or 37 °C is presented in Fig. 6.2–6.3 and Appendices Fig. VI. A1. 
 
6.3.3.1.  Effect of the addition of WPI and hydrocolloids  
From Fig. 6.2, it can be seen that all protein solution showed a ‘‘stick and slide’’ pattern (traditional 
Stribeck curve) that is the friction coefficient was constant at low sliding speed (0.01–0.5 mm/s) 
and decreased with increasing sliding speed (Prakash, et al., 2013). The reason for this pattern is at 
low speeds, the protein solution acts as a thin lubricating film and the friction depends on the 
asperity interaction between the two surfaces while at higher speeds more fluid is drawn into the 
contact zone to partly separate the two surfaces in the mixed regime to decrease the friction 
coefficient. At low sliding speeds (0.01–0.5 mm/s), the friction coefficient of protein solutions is 
almost the same for all concentration. During the medium speed range (0.5–10 mm/s), the 
coefficient of friction reduced with the addition of WPI (< 10.0 g/100 g), meaning the additional 
WPI in the protein solution contributes towards better lubrication property. As mentioned in section 
6.3.2, the WPI denature at high temperature and easily form intramolecular and intermolecular 
interactions (O’Mahony & Fox, 2014), which strengthens the adsorbability of the protein solution 
promoting the formation of thin layer separating the surfaces as the sliding speed increases. 
Combined with the results in section 6.3.2, it can infer that higher viscosity may lead to better 
lubrication property. Similar results were obtained previously by Nguyen et al. (2017), who found 
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the dairy samples with higher viscosity showed better lubrication property (lower friction 
coefficient). However, when the concentration of protein solution reached 10.0 g/100 g, the solution 
became semisolid and hindered the movement between the two surfaces, thus increasing the friction 
coefficient. 
  
 
Fig. 6.2.  The tribology curve of different pure protein solution at 37 °C 
 
Besides, at high sliding speeds (> 10 mm/s), the friction coefficient was almost the same for protein 
solutions ≤ 6.0 g/100 g (w/w) protein and increased with further increase in the protein 
concentration (Fig. 6.2). Based on the Stribeck curve, at the end of mixed regime the friction 
coefficient decreases slowly that gradually increases when the sliding speed reaches the 
hydrodynamic regime (Nguyen, et al., 2016). Since the surface adsorption force may increase with 
WPI addition, the protein solutions were faster to form thick lubricating film, thus entering the 
hydrodynamic regime earlier. This may explain the increasing friction coefficient as the protein 
concentration increased. 
 
For the protein solution with added hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan), 
the friction coefficients were lower than the pure protein solution at 37 °C (Appendices Fig. VI. A1). 
Considering the friction coefficient of 3.0 g/100 g protein (casein/WPI=2.4/0.6) solution at 37 ºC as 
an example, the friction coefficient at sliding speed of 0.1, 1 and 10 mm/s that are presented in 
Table 6.5 were discussed. At the beginning (0.1 mm/s), all the samples have similar coefficient of 
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friction, however at sliding speed 1 and 10 mm/s, the protein solution with hydrocolloids have 
lower friction coefficient compared to control sample. This means the protein solution containing 
hydrocolloids have better lubrication property. This is in agreement with the results that adding 
hydrocolloids (κ-carrageenan and gelatin) improves the lubrication properties of yoghurt (Nguyen, 
et al., 2016). The interaction between dairy protein and hydrocolloids possibly improves the surface 
adhesion of the resulting solution, allowing formation of a thin film between the two surfaces with 
ease and lowering the friction coefficient. 
 
Table 6.5.  The friction coefficient of 3.0 g/100 g protein (casein/WPI=2.4/0.6) solution at 37 °C under sliding speed 
of 0.1, 1 and 10 mm/s 
Samples 
(g/100 g) 
0.1 mm/s 1 mm/s 10 mm/s 
Control 0.96 (0.004) Aa 0.89 (0.005) Ba 0.69 (0.001) Ca 
0.01 Gelatin 0.96 (0.016) Aa 0.88 (0.009) Bab 0.68 (0.005) Cb 
0.05 Gelatin 0.97 (0.024) Aa 0.87 (0.005) Bb 0.67 (0.001) Cc 
0.25 Gelatin 0.95 (0.034) Aa 0.87 (0.003) Bb 0.67 (0.005) Cbc 
0.01 κ-Carrageenan 0.98 (0.057) Aa 0.84 (0.015) Bc 0.66 (0.002) Cd 
0.05 κ-Carrageenan - - - 
0.25 κ-Carrageenan - - - 
0.01 Pectin 0.96 (0.015) Aa 0.86 (0.011) Bbc 0.66 (0.002) Cd 
0.05 Pectin 0.95 (0.020) Aa  0.84 (0.015) Bc 0.66 (0.001) Cd 
0.25 Pectin - - - 
0.01 Curdlan 0.92 (0.012) Aa 0.81 (0.019) Bcd 0.64 (0.002) Ce 
0.05 Curdlan 0.92 (0.023) Aab 0.83 (0.005) Bc 0.63 (0.004) Cf 
0.25 Curdlan 0.86 (0.044) Ab 0.78 (0.023) Bd 0.61 (0.004) Cg 
Mean value (n=3) and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different sliding 
speed (P < 0.05). Different superscript lower-case letters in the same column indicate significant differences between additions of hydrocolloids (P < 0.05) 
 
In addition, the addition of curdlan has the best influence on the tribological property of protein 
solution (Appendices Fig. VI. A1). Adding 0.25 g/100 g curdlan to the protein solution improved 
the lubrication property, showing the lowest friction coefficient. Although curdlan is partly soluble 
or insoluble in neutral condition, it swells and forms thermo-irreversible and thermo-reversible 
bonds during heating and cooling (Funami, et al., 2000), which may be the reason for the improved 
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lubrication property. Thus, curdlan may be the ideal choice for developing smooth and creamy 
foods. However, the protein solutions with added gelatin did not show any significant difference in 
friction curves compared with pure protein solution that was contrary to my previous hypothesis. To 
investigate whether temperature affects the tribological property, the protein solution with added 
gelatin/curdlan was also studied at 15 °C, this is discussed below.   
 
6.3.3.2.  Effect of temperature 
Fig. 6.3 shows the friction curves of 3.0 g/100 g protein solution (casein/WPI=2.4/0.6) with the 
addition of gelatin and curdlan at 15 and 37 °C. The friction curves showed a classical ‘‘stick and 
slide’’ pattern (traditional Stribeck curve) at both 15 and 37 °C. For friction curves at 15 °C, the 
friction coefficient decreased as the gelatin concentration increased in the protein solution, 
especially at low sliding speed range (0.01–0.5 mm/s) and the initial part of medium speed (0.5–6 
mm/s). Although the friction coefficient was lower than the pure protein solution at the later part of 
medium speed (6–10 mm/s), it was almost the same for gelatin added protein solution. In addition, 
when the speed reached high (> 10 mm/s), the friction curves overlapped for all solutions (Fig. 
6.3A). Gelatin has a good hydrophilic property and can form hydrogen bonds with milk protein or 
itself (Fiszman & Salvador, 1999), thus adding gelatin improved the surface adhesion of protein 
solution, forming a thick lubrication film between the two surfaces, therefore, the friction 
coefficient decreased. For protein solution with curdlan, the coefficient of friction was lower than 
the control during the sliding speed measured in this study (Fig. 6.3C), especially for 0.25 g/100 g 
curdlan added. It means the curdlan addition had similar influence on the lubrication property of 
protein solution as gelatin addition at 15 °C. 
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Fig. 6.3.  The tribology curves of 3.0 g/100 g protein solution (casein/WPI=2.4/0.6) with/without added gelatin or 
curdlan (0.01, 0.05 and 0.25 g/100 g) under (A and C) 15 °C and (B and D) 37 °C 
 
However, Fig. 6.3B shows that there was almost no difference between pure 3.0 g/100 g protein 
solution and gelatin added protein solution at 37 °C. This may be due to the weak hydrogen bonds 
formed between gelatin and protein that easily break. As temperature increases from 15 to 37 °C, 
the interactions in the protein solution decreases, thus the friction curves show less differences 
between pure protein solution and protein solution with gelatin. While the protein solutions with 
curdlan added still showed better lubrication property compared to pure protein solution (Fig. 6.3D). 
Thus, curdlan addition had better influence on the lubrication property of protein solution than 
gelatin added at 37 °C. Besides, during the sliding speed from 0.01–6 mm/s, the friction coefficient 
of 3.0 g/100 g protein solution at 37 °C was 0.8–1.0, which was higher than the friction coefficient 
(0.6–0.8) at 15 °C (Fig. 6.3).  
 
6.4.  Conclusion 
According to the results of this study, adding WPI to raise the protein concentration did not have 
obvious effect on the visual appearance of protein solution, but increased the protein stability 
against agglomeration and the viscosity of protein solution to some extent. Besides, within a certain 
range of total protein (< 8.0 g/100 g), the addition of WPI led to better lubrication property.  
 
The addition of hydrocolloids had no influence on the visual aspect of protein solution, while the 
protein solution formed gel after adding 0.05 g/100 g κ-carrageenan and 0.25 g/100 g LM pectin for 
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all protein concentrations investigated in this research. Although adding hydrocolloids decreased 
the stability of protein solution, it increased the viscosity of protein solution, and the viscosity of 
κ-carrageenan and curdlan added protein solution was still nearly twice more than control under 
37 °C. The effect of gelatin on the tribological property of protein solution showed obviously under 
15 °C, while almost had no influence when the temperature increased to 37 °C. Interestingly, 
curdlan addition improved the lubrication property both at 15 and 37 °C. Therefore, curdlan might 
be an ideal choice for high-protein dairy drinks since it could increase the viscosity and lubrication 
property of protein solution without effecting the visual of solution. Since the addition of WPI alters 
the casein to WPI ratio, the influence of fractions of casein to WPI at fixed protein concentration 
would be studied in the next chapter.  
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6.5.  Appendices 
 
 
Fig. VI. A1.  The tribology curve of different protein solution with/without gelatin, κ-carrageenan, LM pectin and 
curdlan (0.01, 0.05 and 0.25 g/100 g) at 37 °C (A) 3.0 g/100 g Protein solution (casein/WPI=2.4/0.6); (B) 4.0g/100g 
Protein solution (casein/WPI=2.4/1.6); (C) 6.0 g/100 g Protein solution (casein/WPI=2.4/3.6); (D) 8.0 g/100 g Protein 
solution (casein/WPI=2.4/5.6); (E) 10.0 g/100 g Protein solution (casein/WPI=2.4/7.6)
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Chapter 7.  
 
Tribo-rheology characteristics and microstructure of a protein solution with varying casein to 
whey protein ratios and addition of hydrocolloids (*) 
 
 
Abstract 
In this study, the effect of four different hydrocolloids (gelatin, κ-carrageenan, low methoxy pectin 
and curdlan) on the rheology, tribology and microstructure of milk protein solutions with fixed 
protein content (3.4%) but varying casein to whey protein ratios were investigated. Replacing 
casein by whey protein isolate improved the protein stability, increased the viscosity and lubrication 
property of protein solution, whilst the milky white colour of the solution reduced. Gelling was 
observed with independent addition of 0.05% of κ-carrageenan and 0.25% of low methoxy pectin to 
the protein solution with high casein to whey protein ratio (≥ 50/50). The hydrocolloids addition 
increased the viscosity and lowered the friction coefficient of protein solutions to some extent, 
especially protein solution containing 0.25% curdlan showed the best lubrication property. The 
solutions with low casein content were more homogeneous, and adding hydrocolloids caused phase 
separation, especially in protein solutions with high casein fraction.  
 
 
 
 
 
 
 
 
 
 
                               
(*) This chapter has been published as a research paper in Food Hydrocolloids (IF = 5.089): ZHU, 
Y., BHANDARI, B., & PRAKASH, S. 2019. Tribo-rheology characteristics and microstructure of a 
protein solution with varying casein to whey protein ratios and addition of hydrocolloids, Food 
Hydrocolloids, 89, 874-884. The manuscript was modified to keep the format consistent throughout 
the thesis.
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7.1.  Introduction 
Dairy proteins are commonly of two types: the rheomorphic caseins and the globular whey proteins 
(O’Mahony & Fox, 2014). Caseins are essentially of four different types: κ-casein, αs1-casein, 
αs2-casein and β-casein. In milk, the caseins are present in the form of spherical complexes called 
casein micelles with an average radius of about 100 nm that contain nanoclusters of colloidal 
calcium phosphate (CCP) (Dalgleish, 2011; Holt, et al., 2013; McMahon & Oommen, 2013). Whey 
proteins have a globular structure and essentially includes β-lactoglobulin, α-lactalbumin, blood 
protein immunoglobulins, and bovine serum albumin (O’Mahony & Fox, 2014). 
 
It is well known that caseins are heat stable but whey proteins are prone to denaturation, meaning 
heat treatment has significant effect on the major whey proteins, β-lactoglobulin and α-lactalbumin 
(Lucey, 2008). Conformational changes of β-lactoglobulin, due to heating, forms disulfide bridges 
between whey proteins. Denatured whey proteins also can form disulfide links with κ-casein at the 
surface of casein micelles (Donato, et al., 2007; Vasbinder & de Kruif, 2003). For some dairy 
products, such as yoghurt and dairy drinks, denaturation of whey protein is essential since it imparts 
increased stiffness, firmness (elastic modulus), viscosity and water holding capacity to the product 
(Donato, et al., 2007; Krzeminski, et al., 2011; Remeuf, et al., 2003). Changing the total protein 
concentration or the concentration of whey protein and casein in milk alters the rate of denaturation 
of the whey proteins (Anema, et al., 2006; Law & Leaver, 1997). Increasing the whey protein 
concentration also increases the rate of whey protein denaturation in a product (Law & Leaver, 
1997). 
 
In new food product development, hydrocolloids are normally used to help maintain a desired 
product property as unwanted interactions always occurs, especially for low-fat or non-fat dairy 
products (Phillips & Williams, 2009). Gelatin is widely used because of its unique ability to melt at 
body temperature, which provides fat-like sensory perception (Kalab, et al., 1975; Salvador & 
Fiszman, 1998). κ-Carrageenan, a highly sulphated polysaccharide and pectin, a linear 
polysaccharide, are also popularly used because of their ability to interact with milk protein (Mleko, 
et al., 1997; Phillips & Williams, 2009). The hydrocolloid, curdlan is an extracellular bacterial 
polysaccharide ((1 → 3)-β-glucan) produced by Alcaligenes faecalis var. myxogenes (Harada, et al., 
1966), used in various foods as it can enhance the mouthfeel properties and remain odorless and 
tasteless even after severe temperature treatment (Nakao, et al., 1991). 
 
When proteins and polysaccharides are dispersed together in an aqueous phase, there are generally 
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three potential outcomes: they remain as small, soluble complexes or undergo associative or 
segregative phase separation (van de Velde, et al., 2015). The controlled assembly of 
protein-polysaccharide complexes primarily occurs as a result of electrostatic interactions between 
charges on the surface of globular proteins and charged groups on polysaccharides (Cooper, et al., 
2005; Wagoner, et al., 2016). 
 
Rheology is the study of flow and deformation of matter that applies to liquid, semisolid, and solid 
materials under applied forces. The viscoelastic behavior of liquid foods is often characterized by 
shear viscosity. The viscosity of liquid foods influences their texture perception, such as thickness 
(Malone, et al., 2003; Melito & Daubert, 2011; Richardson, et al., 1989). In addition, viscosity also 
influences the lubrication properties of liquid systems (Devezeaux de Lavergne, et al., 2017; Liu, et 
al., 2015). 
 
Tribology has been suggested as a possible technique to provide information on various sensory 
mouthfeel attributes (astringency, chalkiness, etc.) that do not relate well to standard rheological 
properties (Baier, 2009; Joyner, et al., 2014a). Additionally, non-rheological cues such as surface 
tension, lubrication and deposition of the food onto oral surfaces were also found to have an effect 
on the perception of texture and mouthfeel (Chen, 2009; Van Aken, et al., 2009). Tribology has 
gained interest over the past 20 years as a method of measuring friction behavior of foods and 
model food systems. Several studies have related instrumental friction to sensory texture (Andrewes, 
et al., 2011; Chojnicka-Paszun, et al., 2012; Joyner, et al., 2014b; Van Aken, et al., 2009), and the 
relationship between various textural aspects and oral friction behavior has been noted (Dresselhuis, 
et al., 2008; Dresselhuis, 2008; Liu, et al., 2015; Liu, et al., 2016). Nevertheless, tribology is 
relatively new to food research, and additional study is needed to expand the knowledge base of 
food friction behavior. 
 
In normal cow milk, the fraction of casein to whey protein is approximately 80 to 20. The effects of 
varying casein to whey protein ratios on the heat stability of proteins has been examined in model 
milks obtained by blending various sources of casein, whey protein and ultrafiltered permeate 
(Beaulieu, et al., 1999; Patocka, et al., 1993; Rattray & Jelen, 1997). Many studies have 
investigated the effect of altering casein to whey protein ratios on texture and sensorial properties of 
yoghurt/drinks (Nam, et al., 2017; Pakseresht, et al., 2017). However, to the best of my knowledge 
there is no reported study on the microstructure, rheological and tribological properties of milk 
protein solution with different casein to whey protein ratios. In addition, studies focused on the 
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interaction between hydrocolloids and milk protein in systems with varying casein to whey protein 
ratios and their impact on rheology, tribology and microstructure is also lacking, especially for 
protein solution system. 
 
Hence, this study mainly focused on the effect of varying the casein to whey protein ratios at a fixed 
protein concentration and addition of hydrocolloids on the rheo-tribological and microstructural 
properties of the resulting protein-hydrocolloid solutions at pH 6.8–6.9. The main objectives of this 
study were to: (a) investigate the rheology, tribology and microstructure of 3.4% pure dairy protein 
solution with different casein to whey protein ratios (100/0, 80/20, 50/50, 20/80 and 0/100); (b) 
study the effect of addition of four different hydrocolloids (gelatin, κ-carrageenan, low methoxy 
pectin and curdlan) on the rheology, tribology and microstructure of the resulting 
protein-hydrocolloid solutions. 
 
7.2.  Materials and methods 
7.2.1.  Materials 
Three hydrocolloids (gelatin, carrageenan and pectin) used in this study were obtained from 
Melbourne Food Depot (Melbourne, Australia). The gelatin was a light colored edible bovine skin 
(type B) powder with bloom 220. The Kappa type carrageenan (κ-carrageenan) and low methoxyl 
(LM) pectin were also a light coloured commercial products commonly used in the food industry. 
The curdlan (Molecular weight is 74000) was bought from Shaanxi Orient Industrial Co., Ltd 
(Shaanxi province, China). The milk protein ingredients, whey protein isolate (WPI, protein 94.4%, 
moisture 4.5%, fat 0.3%, lactose 0.1% and ash 1.9%) was obtained from Fonterra Co-operative 
Group Ltd (Auckland, New Zealand) and micellar casein (protein 85.7%, moisture 3.6%, fat 1.3%, 
lactose 4.6% and ash 4.8%) was purchased from Bulk Nutrients (Sydney, Australia). All the 
reagents were of food grade and used without further purification. 
 
7.2.2.  Protein solution preparation 
This study used protein solution systems with a constant total protein of 3.4% (w/v) and varying 
micellar casein to whey protein ratios (100:0, 80:20, 50:50, 20:80 and 0:100) that included sample 
containing only micellar casein (100:0) and only whey protein isolates (0:100). Table 7.1 lists the 
compositions of all samples. The method used for preparing the protein solutions (i.e. mixing with 
water) mimics the way in which dry ingredients are rehydrated and used in the food industry. The 
following preparation procedure was used for all protein solutions. The concentration for stock 
protein solution was the same as the total protein content that is 3.4%. To ensure that no clumping 
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occurred, the protein powder was added slowly to the water in a beaker placed on a Fisher Thermix 
310T stirring plate (American Instruments Exchange, Inc., Haverhill, MA), set at 500 rpm. The 
water-protein mixture was kept on the stirring plate for 2 hours at 25 °C under moderate agitation at 
400 rpm (dial speed 4), in order to allow the protein powder to uniformly disperses and hydrate. A 
second dispersion and hydration step consisted of using an UltraTurrax Model T25 fitted with an 
S25N-18G dispersion tool (IKA Works Inc., Wilmington, NC) for 5 min at 10,000 rpm followed by 
sonication in an ultrasonic bath for 20 min at 300 W. The mixing time for the high-speed dispersion 
and sonication step was established through monitoring and evaluating the particle size in the 
protein solution. A mixing time that allowed the particle size in solution reach the known particle 
size for casein micelles was used in this study. The WPI powder dispersed and solubilized faster 
than casein, but the same mixing time was used for consistency. The solutions were refrigerated 
(4 °C) overnight for further hydration. Then the various casein-WPI solutions were prepared the 
next day with different weight ratio that were mixed for 30 minutes using Fisher Thermix 310T 
stirring plate (American Instruments Exchange, Inc., Haverhill, MA).  
 
Table 7.1.  Overview of the composition of all samples 
Casein/WPI Ratio Gelatin 
(%, w/w) 
κ-Carrageenan 
(%, w/w) 
Pectin 
(%, w/w) 
Curdlan 
(%, w/w) 
 
100/0; 80/20; 50/50; 
20/80; 0/100 
- - - - 
0.01; 0.05; 0.25 - - - 
- 0.01; 0.05; 0.25 - - 
- - 0.01; 0.05; 0.25 - 
- - - 0.01; 0.05; 0.25 
All the samples in this study were heat-treated and stored at 4 °C for 48 hours before test. The dashes in the table mean no hydrocolloids added in the resulting protein 
solutions 
 
7.2.3.  Thermal treatment and zeta-potential & particle size measurement 
The stock solutions of the four hydrocolloids were prepared one day ahead and then mixed with the 
protein solution prior to heating (95 °C for 10 min), to obtain a final concentration of 0.01, 0.05 and 
0.25% (w/w) hydrocolloids in the system. A sample with no stabilizer was studied as control. After 
heating the samples were cooled with running water immediately and refrigerated at 4 °C for 48 
hours before testing.  
 
The electrical charge (zeta-potential) and particle size of protein solutions were measured by 
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dynamic light scattering using the Zetasizer Nano ZS (Zetasizer Nano ZS, Malvern Instruments Ltd., 
Worcestershire, United Kingdom). Samples were diluted 500 times with deionised water for 
measurement. The zeta-potential and particle size was reported as the average and standard 
deviation of measurements made on three independent samples.  
 
7.2.4.  Rheological measurement 
Viscosities of protein samples were measured under steady state shear conditions by shear 
rate-controlled rheometer (AR-G2, TA Instrument, USA) using coaxial cylinders (R1=14 mm, 
R2=15 mm, h=41.92 mm) with shear rate ranging from 0.1 to 100 s-1. At the beginning of each test, 
the sample (around 8 ml) was equilibrated again for 120 s at 15 or 37 °C at the measurement gap 
and subjected to a pre-shear for 60 s at a shear rate of 0.1 s-1. The samples were checked to ensure 
there was no settling during the test. All tests were performed at 15 and 37 °C, and conducted in 
triplicate. 
 
7.2.5.  Tribological measurement 
Tribological measurements were performed on a Discovery Hybrid Rheometer, using ring on plate 
tribo-rheometry (TA Instrument, USA) on a rough plastic surface of 3M Transpore Surgical Tape 
1527-2 (3M Health Care, USA). In this work a half-ring geometry, which is a ring interrupted in 
three sections so that only half of the ring is in contact with the substrate. This geometry had been 
tested on several dairy samples and it gave repetitive results. Additionally it provided good 
differentiation among dairy products (Nguyen, et al., 2016). The hydrophobic rough surface of 
human tongue was modeled using 3M Transpore Surgical Tape 1527-2 (Nguyen, et al., 2017). The 
tape was cut in a square shape, placed and pressed firmly on top of the lower plate geometry. After 
each measurement, the tape was replaced and the tribo-rheometry was cleaned with deionised water 
and dried with laboratory wipes. 
 
The protein samples were equilibrated at room temperature (22–25°C) for 1 hour before the 
tribology measurement was performed at 37 °C to simulate the oral condition. Since the in-mouth 
force was reported to be between 0.01 and 10 N (Miller & Watkin, 1996), a constant normal force 
of 2 N was used to represent the moderate normal force applied on samples during oral processing. 
The samples were pre-sheared at the speed of 0.01 rad/s for 1 min, and then equilibrated for another 
1 min before each measurement. The results were recorded for rotational speeds from 0.01 to 100 
mm/s with 10 points per decade. All measurements were conducted in quadruplicates.  
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7.2.6.  Microstructural study by using confocal laser scanning microscopy (CLSM) 
Rhodamine B (0.1% [w/w]) was added to milk protein/hydrocolloids solutions to dye the protein 
(20 µL per mL sample). After stirring a drop of solution was transferred to a microscope slide, 
covered with a glass cover slip and sealed with nail polish to fix the sample and also prevent 
evaporation. CLSM was performed using an inverted microscope (Zeiss LSM 700), equipped with 
an Ar/Kr laser. A wavelength of 568 nm was used to excite the Rhodamine-labelled proteins. 
Images were taken using a 60 × oil immersion objective. 
 
7.2.7.  Statistical analysis 
For all the physical tests, experimental data were assessed by one-way ANOVA with SPSS 
software 22.0 (SPSS, Chicago, IL) and Tukey test for pairwise comparison to determine the 
significant differences among the samples. A p-value of < 0.05 was considered statistically 
significant. 
 
7.3.  Results and discussions 
7.3.1.  Visual appearance of protein solution  
The visual aspects of 3.4% protein solutions at different casein to WPI ratios with/without 
hydrocolloids are shown in Fig. 7.1. Although the total protein concentration was the same, the 
protein solution changed from milky white to transparent with the replacement of casein by WPI. 
Previously it has been reported that the white color of milk is largely due to the scattering of light 
by the casein micelles (O’Mahony & Fox, 2014). In this study the pH for all samples was at 6.8–6.9, 
which is the native pH for milk, therefore replacing casein or decreasing casein/WPI ratio causes 
the milk solutions to lose its traditional aspect that consumers are familiar with. Based on the results 
obtained, for dairy drinks the recommended casein to WPI ratio is above 50/50 as below this ratio 
the preferred white colour of the product is lost. 
 
Adding gelatin did not show any effect on the state and visual aspects of protein solution, while 
there was flocculation and even sedimentation observed in curdlan contained protein solution as the 
amount of curdlan increased (Fig. 7.1). Curdlan is an insoluble or partly soluble substance in acidic 
and neutral conditions (Phillips & Williams, 2009) and this may explain the observed flocculation. 
In addition, the 3.4% protein solution formed gel with addition of 0.05% κ-carrageenan and 0.25% 
LM pectin when the solution comprises of a majority of casein fraction. This suggests that in milk 
protein system the gelation property of the four hydrocolloids is in the order gelatin/curdlan < LM 
pectin < κ-carrageenan, which due to their different gelation mechanism. It has been reported that 
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κ-carrageenan interacts with κ-casein to induce the formation of gels. LM pectin is 
calcium-sensitive polysaccharide, which forms gels when the system contains enough calcium ions 
(Phillips & Williams, 2009). Due to the metal binding capacity, the casein carry a high 
concentration of calcium phosphate in a soluble form, which can provide calcium ions in the system 
(O’Mahony & Fox, 2014). While for curdlan and gelatin, the gelling happened mostly due to the 
interaction in gelatin or curdlan themselves during storage. Besides, it was found that when casein 
to WPI ratio was 20/80, the protein solution only formed gel with 0.25% κ-carrageenan and all the 
protein solutions were in liquid state for casein-free protein solution (Fig. 7.1). This suggests the 
presence of casein in protein system aids in forming gels at low temperature. 
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Fig. 7.1.  The appearance of 3.4% protein solution at different casein to WPI ratios with/without hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) *Means gel formed 
and the other samples without mark kept solution after 4 °C storage overnight 
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Besides, for protein solutions with 0.25% κ-carrageenan, the gel formed separated in the presence 
of large amount of casein, and formed uniform gel when the casein was replaced by WPI (Fig. 7.1). 
It has been earlier reported that there is a strong interaction between κ-carrageenan and κ-casein, 
forming aggregates (Pang, et al., 2015). Thus with the help of κ-carrageenan, most casein tended to 
precipitate during storage. As the concentration of WPI increased, it was adsorbed on the surface of 
casein during heat treatment to form whey protein/casein complex (Donato & Guyomarc'H, 2009), 
which helped the dispersion of casein and reduced aggregation, forming more uniform gel. 
Although protein solution formed gel with the addition of 0.25% LM pectin when casein/WPI ratio 
was 100/0 and 80/20, the gel formed was quite weak and easily disintegrated (Fig. 7.1). From the 
above results, it is clear that changing the protein composition altered the visual aspects of protein 
solution, while hydrocolloids addition had no influence on it although insoluble hydrocolloids (such 
as curdlan) caused flocculation. Besides, in this study the protein solution formed gels with the 
addition of 0.05% κ-carrageenan and 0.25% LM pectin. 
 
7.3.2.  Zeta-potential and particle size of protein solution 
The zeta potential describes the charge magnitude present on a colloidal particle. Particles with a 
high zeta potential are self-stabilizing, as their charge inhibits coalescence and enhances stability. 
The zeta-potential and particle size of 3.4% pure protein solutions at different ratios of casein to 
WPI with/without the four hydrocolloids are presented in Table 7.2 and 7.3. Replacing casein by 
WPI increased the absolute value of zeta potential and decreased the particle size of milk protein to 
some extent. The size for casein micelle ranges from 30 to 300 nm in diameter, while whey protein 
varies from 4 to 6 nm. WPI denatured during heating at 95 °C for 10 min, and the denatured-WPI 
forms disulfide links with κ-casein at the surface of casein micelles (Donato & Guyomarc'H, 2009), 
which improved the dispersion of milk protein through forming whey protein/casein complex, thus 
increasing the stability of protein solution. Besides, disulfide bridges formed between WPIs during 
heating also made the network in the system stable. This improvement was obvious in gelatin and 
curdlan contained protein solutions (Table 7.2). However, without the help of casein, pre-heated 
WPI easily aggregated due to denaturation (Donato & Guyomarc'H, 2009). This may the reason for 
the decrease of absolute zeta potential value of casein-free solution (casein/WPI=0/100). 
 
Although 0.01% κ-carrageenan increased the particle size of protein solution significantly, the 
particle size of protein solution had minor influence within the addition of low concentrations 
(0.01%) of other hydrocolloids (Table 7.3). However, the absolute zeta potential of pure protein 
solutions decreased and the particle size of protein solution increased with further addition of 
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hydrocolloids, especially with 0.25% gelatin and 0.25% curdlan (Table 7.2 and 7.3). This is in 
accordance with previous studies that suggested gelatin, κ-carrageenan, and LM pectin interact with 
milk protein (Maroziene & de Kruif, 2000; Pang, et al., 2015) and promote the aggregation of milk 
protein making it unstable. Although curdlan is insoluble, the suspensions expand and form 
irreversible or reversible interaction among themselves during heating and cooling. This causes 
segregation interaction between curdlan and milk protein that disturbs the structure of protein 
solution causing the absolute zeta potential value to decrease with added curdlan, especially for 
pure WPI solution (Table 7.2). This is in agreement with the results obtained in section 7.3.1 that 
obvious flocculation was found in protein solution when more than 0.05% curdlan added (Fig. 7.1). 
To sum up, both hydrocolloids addition and replacement of casein by WPI affected the 
zeta-potential value and particle size of protein solution. 
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Table 7.2.  The zeta potential of 3.4% protein solution with different casein to WPI ratios with/without hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) 
Samples Casein/WPI=100/0 Casein/WPI=80/20 Casein/WPI=50/50 Casein/WPI=20/80 Casein/WPI=0/100 
Control -23.44 (0.33) Ag -24.29 (0.30) Bd -25.80 (0.30) Ce -27.26 (0.59) Dcd -27.08 (0.61) De 
0.01% Gelatin -21.64 (0.18) Af -23.87 (0.38) Bd -24.59 (0.66) BCd -25.23 (0.69) Cbc -24.77 (0.61) Cd 
0.05% Gelatin -20.31 (0.30) Ad -22.21 (0.83) Bbc -23.38 (0.36) Cc -25.30 (1.19) Dbc -24.06 (1.01) Ccd 
0.25% Gelatin -14.93 (0.37) Aa -16.87 (0.70) Ba -18.02 (0.33) Ca -23.08 (1.42) Ea -21.53 (0.68) Db 
0.01% κ-Carrageenan -21.73 (0.35) Af -24.33 (0.31) Bd -24.53 (0.30) Cd -28.09 (1.60) Dd -27.81 (0.62) De 
0.05% κ-Carrageenan - - - -26.13 (1.90) Ac -24.50 (0.91) Acd 
0.25% κ-Carrageenan - - - - -23.28 (1.12) Ac 
0.01% Pectin -21.12 (0.38) Ae -23.10 (0.51) Bcd -23.66 (0.43) Cc -25.19 (1.16) Db -24.43 (0.93) CDcd 
0.05% Pectin -20.72 (0.35) Ade -22.64 (0.39) Bc -22.98 (0.23) Cbc -24.13 (0.76) Dab -23.17 (1.11) Cc 
0.25% Pectin - - - -24.10 (0.95) Aab -23.29 (1.02) Ac 
0.01% Curdlan -21.46 (0.30) Aef -23.93 (0.70) BCd -24.03 (0.55) Ccd -24.79 (0.48) Dab -23.26 (0.63) Bc 
0.05% Curdlan -18.79 (0.26) Ac -21.74 (0.25) Bb -23.54 (0.67) Cc -24.37 (0.47) Dab -22.21 (0.40) Bbc 
0.25% Curdlan -17.23 (0.17) Ab -21.5 (0.32) Cb -22.62 (0.30) Db -23.84 (0.80) Eab -18.79 (0.86) Ba 
Mean value (n=9) in mV and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicate significant differences between additions of hydrocolloids (P < 0.05). The dashes in the table mean that the sample did gel after storage and hence could not be tested
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Table 7.3.  The particle size of 3.4% protein solution with different casein to WPI ratios with/without hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) 
Samples Casein/WPI=100/0 Casein/WPI=80/20 Casein/WPI=50/50 Casein/WPI=20/80 Casein/WPI=0/100 
Control 168.0 (2.61) Ac 128.5 (1.87) Bg 110.6 (2.02) Cf 75.7 (1.45) Dg 46.3 (1.06) Ef 
0.01% Gelatin 168.5 (3.26) Ac 151.9 (4.11) Bd 134.1 (3.18) Bc 82.8 (0.94) Df 49.4 (3.65) Eef 
0.05% Gelatin 169.4 (2.57) Ac 158.0 (3.74) Bc 138.6 (3.14) Cbc 88.4 (1.50) De 53.6 (1.02) Ee 
0.25% Gelatin 212.4 (3.79) Aa 189.7 (4.12) Ba 142.4 (2.84) Cb 108.4 (2.86) Dc 64.7 (3.43) Ed 
0.01% κ-Carrageenan 182.5 (3.42) Ab 171.9 (2.24) Bb 177.6 (4.45) ABa 113.8 (5.21) Cb 74.8 (5.58) Dc 
0.05% κ-Carrageenan - - - 275.9 (5.42) Aa 113.6 (3.19) Bb 
0.25% κ-Carrageenan - - - - 162.0 (4.74) Aa 
0.01% Pectin 167.7 (2.82) Ac 157.0 (3.13) Bc 113.8 (4.33) Cf 75.7 (1.45) Dg 47.6 (1.36) Ef 
0.05% Pectin 168.3 (2.46) Ac 169.9 (4.47) Ab 119.9 (1.41) Be 81.1 (1.60) Cf 48.3 (2.04) Df 
0.25% Pectin - - - 96.9 (3.50) Ad 65.1 (4.39) Bd 
0.01% Curdlan 165.8 (2.83) Ac 139.7 (3.60) Bf 114.9 (1.76) Cef 81.1 (1.60) Df 47.7 (2.12) Ef 
0.05% Curdlan 167.7 (2.88) Ac 144.4 (4.41) Be 115.7 (4.64) Cef 82.8 (0.94) Df 51.3 (0.96) Eef 
0.25% Curdlan 166.7 (1.77) Ac 150.9 (4.01) Bd 128.8 (3.13) Cd 83.4 (1.63) Df 53.5 (0.82) Ee 
Mean value (n=9) in nm and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicate significant differences between additions of hydrocolloids (P < 0.05). The dashes in the table mean that the sample did gel after storage and hence could not be tested
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7.3.3.  Viscosity changes of protein solution 
In order to assist with discussing the effect of different fractions of casein to WPI and hydrocolloids 
addition on the rheological property of protein solution, the viscosity values at the shear rate 50 s-1 
(η50) was chosen. The η50 for all protein solutions are showed in Table 7.4 and 7.5. 
 
For protein solution at 15 °C, although the total protein concentration was the same, the viscosity of 
3.4% pure casein solution (casein/WPI=100/0) increased from 1.67 ± 0.02 mPa·s to 2.21 ± 0.7 
mPa·s when the protein solution turned to casein-free solution (casein/WPI=0/100), which suggests 
having a greater amount of WPI in the system could increase the viscosity after heat treatment. 
Most WPI denature during heat treatment, with the formation of disulfide bonds and occurrence of 
hydrophobic interactions within denatured WPI and between denatured WPI and κ-casein on the 
surface of casein micelles (Remeuf, et al., 2003; Zhao, et al., 2016), leading to a high level of 
crosslinking within the network, thus increasing the viscosity. 
 
Besides, the addition of hydrocolloids increased the viscosity of protein solution. For example, in 
3.4% protein solution with casein/WPI=80/20 (the normal fraction for milk), the viscosity increased 
from 1.80 ± 0.12 mPa·s to 2.28 ± 0.05 mPa·s when 0.25% curdlan was added, and even reached 
4.07 ± 0.03 mPa·s when the system contained 0.25% gelatin (Table 7.4). This result consistent with 
the zeta-potential results that gelatin, κ-carrageenan and LM pectin have associative interaction with 
milk proteins, which contributed towards an increased viscosity (Pang, et al., 2015). As for curdlan, 
it starts to absorb water and expand when the temperature reached 40 °C and even interacts with 
each other, forming a strong network as the temperature increases (> 80 °C) (Funami, et al., 2000), 
thus contributing towards an increased viscosity of protein solution. Maroziene and Kruif (2000) 
observed depletion flocculation of the casein micelles when macromolecular substance are added at 
pH 6.7, which results in the exclusion of the polymer hydrocolloid chains from the space between 
colloidal particles (casein micelles). This exclusion induces an effective attractive interaction 
between the colloidal particles that increases the interaction among them, thereby increasing the 
viscosity. In addition, all the four hydrocolloids have cold-gelling property that allowed for an 
increase in the viscosity during the overnight storage of the samples at 4 °C. It also should be noted 
that for the system where the major milk protein was casein, only a certain amount of κ-carrageenan 
and LM pectin caused gel formation, as mentioned in section 7.3.1. 
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Table 7.4.  The viscosity (η50) of 3.4% protein solution with different casein to WPI ratios with/without added hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) at 
15 °C 
Samples Casein/WPI=100/0 Casein/WPI=80/20 Casein/WPI=50/50 Casein/WPI=20/80 Casein/WPI=0/100 
Control 1.67 (0.02) Cd 1.80 (0.12) BCcd 1.81 (0.01) BCd 1.88 (0.01) Bh 2.21 (0.07) Ae 
0.01% Gelatin 1.69 (0.04) Cd 1.76 (0.01) Cd 1.91 (0.03) Bd 1.96 (0.04) Bh 2.16 (0.09) Ae 
0.05% Gelatin 1.76 (0.01) Dcd 1.926 (0.03) Ccd 2.25 (0.01) Bc 2.30 (0.03) Bf 2.47 (0.08) Ade 
0.25% Gelatin 3.98 (0.04) Ba 4.07 (0.03) Ba 4.12 (0.06) Ba 4.17 (0.06) Bc 6.75 (0.15) Ab 
0.01% κ-Carrageenan 2.37 (0.03) Cb 2.38 (0.07) Cb 2.40 (0.08) BCbc 2.56 (0.06) Be 2.75 (0.01) Ade 
0.05% κ-Carrageenan - - - 5.55 (0.04) Ab 4.11 (0.03) Bc 
0.25% κ-Carrageenan - - - - 30.78 (0.68) Aa 
0.01% Pectin 1.76 (0.01) Ccd 1.77 (0.05) Cd 1.84 (0.01) BCd 1.89 (0.01) Bh 2.14 (0.07) Ae 
0.05% Pectin 2.32 (0.01) Bb 2.37 (0.09) Bb 2.45 (0.05) Bb 2.78 (0.10) Ad 2.79 (0.01) Ad 
0.25% Pectin - - - 14.25 (0.01) Aa 3.63 (0.01) Bc 
0.01% Curdlan 1.72 (0.01) Dd 1.86 (0.02) Ccd 1.89 (0.09) Cd 2.13 (0.04) Bg 2.25 (0.01) Ae 
0.05% Curdlan 1.75 (0.01) Ccd 1.90 (0.01) Bcd 1.94 (0.01) Bd 2.22 (0.01) Afg 2.22 (0.05) Ae 
0.25% Curdlan 1.82 (0.03) Dc 1.95 (0.01) Cc 2.28 (0.05) Bc 2.54 (0.01) Ae 2.54 (0.03) Ae 
Mean value (n=3) in mPa·s and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicate significant differences between additions of hydrocolloids (P < 0.05). The dashes in the table mean that the sample did gel after storage and hence could not be tested
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Table 7.5.  The viscosity (η50) of 3.4% protein solution with different casein to WPI ratios with/without added hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) at 
37 °C 
Samples Casein/WPI=100/0 Casein/WPI=80/20 Casein/WPI=50/50 Casein/WPI=20/80 Casein/WPI=0/100 
Control 1.26 (0.01) Cbc 1.29 (0.03) BCc 1.32 (0.02) Be 1.39 (0.01) Ad 1.38 (0.01) Af 
0.01% Gelatin 1.26 (0.06) Bbc 1.30 (0.01) Bc 1.35 (0.01) ABe 1.39 (0.00) Ad 1.42 (0.03) Af 
0.05% Gelatin 1.25 (0.02) Cc 1.29 (0.01) Cc 1.31 (0.03) BCe 1.41 (0.01) Bd 1.64 (0.08) Aef 
0.25% Gelatin 1.28 (0.06) Bbc 1.33 (0.01) Bc 1.35 (0.03) Be 1.43 (0.06) ABd 1.52 (0.02) Aef 
0.01% κ-Carrageenan 1.61 (0.09) Ba 1.63 (0.05) Ba 1.67 (0.01) Ba 1.70 (0.01) Bc 1.87 (0.04) Ad 
0.05% κ-Carrageenan - -  -  3.58 (0.01) Aa 2.73 (0.13) Bb 
0.25% κ-Carrageenan - - - - 9.94 (0.07) Aa 
0.01% Pectin 1.31 (0.05) Bbc 1.32 (0.08) Bc 1.32 (0.05) Be 1.40 (0.02) Bd 1.68 (0.05) Ae 
0.05% Pectin 1.51 (0.03) Ba 1.56 (0.03) Bab 1.58 (0.03) Bb 1.65 (0.01) Ac 1.70 (0.01) Ae 
0.25% Pectin - - - 2.45 (0.03) Ab 2.27 (0.08) Bc 
0.01% Curdlan 1.25 (0.01) Cc 1.32 (0.03) Bc 1.39 (0.01) ABde 1.41 (0.02) Ad 1.45 (0.05) Af 
0.05% Curdlan 1.40 (0.02) Bb 1.39 (0.01) Bbc 1.42 (0.01) Bd 1.46 (0.04) Bd 1.55 (0.06) Aef 
0.25% Curdlan 1.40 (0.07) Cd 1.49 (0.04) Cb 1.51 (0.02) Cc 1.69 (0.01) Bc 1.94 (0.09) Ad 
Mean value (n=3) in mPa·s and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicate significant differences between additions of hydrocolloids (P < 0.05). The dashes in the table mean that the sample did gel after storage and hence could not be tested
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Replacing casein by WPI and adding hydrocolloids has a similar influence on the viscosity of 
protein solutions at 37 °C (Table 7.5). However, it should be noted that the viscosity of protein 
solution is lower at 37 °C than at 15 °C. This was clearly observed in protein solution with added 
gelatin, for instance, the viscosity of 3.4% protein solution (casein/WPI= 80/20) with 0.25% gelatin 
decreased from 4.07 ± 0.03 mPa·s to 1.33 ± 0.01 mPa·s when the temperature increased. In order to 
see the effect of temperature on viscosity, the results of the temperature ramp of 3.4% protein 
solution (casein/WPI= 80/20) from 15 to 37 °C is presented in Fig. 7.2. 
 
 
Fig. 7.2.  The temperature ramp (15 to 37 °C) of 3.4% protein solution (casein/WPI=80/20) with/without (A) gelatin; 
(B) κ-carrageenan and LM pectin; (C) curdlan 
 
As can be seen, the viscosity of protein solution decreased with an increase in temperature. As the 
temperature increased, the molecular vibration increased and cohesive force decreased, leading to a 
reduced viscosity. Besides, for 3.4% protein solution (casein/WPI= 80/20) with 0.25% gelatin, there 
was a gradual reduction in viscosity between 15 and 19 °C, and with further increase in temperature 
there was a significant reduction in the viscosity (Fig. 7.2A). This may be due the unique property 
of gelatin to gel and melt reversibly under the normal human body temperature (37 °C) (Phillips & 
Williams, 2009). As the temperature increases, the weak bonds (hydrogen bonds, hydrophobic 
interaction) disintegrate, causing a sharp decline of the viscosity. The same phenomenon was 
observed in 3.4% protein solution with other casein/WPI ratios (Appendices Fig. VII. A1). Thus, 
the viscosity of protein solution increased with the replacement of casein by WPI and the addition 
of hydrocolloids, with higher viscosity value obtained at low temperature. 
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7.3.4.  Tribological properties  
Lubrication properties of the 3.4% pure protein solution at different casein to WPI ratios 
with/without hydrocolloids, measured using the tribo-rheometer at 2 N under 37 °C is presented in 
Fig. 7.3, Fig. 7.4 and Appendices Fig. VII. A2. 
 
(a) Effect of WPI content 
From the figure (Fig. 7.3) it can be seen that all protein solutions display both the boundary and 
mixed regime of the Stribeck curves (Nguyen, et al., 2016). The friction coefficient was almost 
constant at low sliding speed (0.1–3.5 mm/s) and decreased with increasing sliding speed (> 3.5 
mm/s). This observed pattern is due to the protein solution that acts as a thin lubricating film at low 
speeds where the friction is due to the asperity interaction between the two surfaces, while at higher 
speeds more fluid is drawn into the contact zone allowing small protein particles to build a protein 
layer on the surface, partly separating the two surfaces, thereby reducing the friction coefficient. 
 
 
Fig. 7.3.  The tribology curve of 3.4% pure protein solution under different casein to WPI ratios at 37 °C 
 
At low speed all the protein solutions have similar coefficient of friction (Fig. 7.3), suggesting 
replacing casein by WPI did not have any obvious influence on the tribological property of protein 
solution at low sliding speed range (0.1–3.5 mm/s). However, when the sliding speed increased, 
particularly at speeds > 10 mm/s, the friction coefficient decreased with the increase of WPI 
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proportion in the protein solution (Fig. 7.3), although the total protein concentration was the same. 
The lower friction coefficient of the solutions is an indication of better lubrication property. This 
suggests the replacement of casein by WPI improved the tribological property of heat-treated 
protein solution. This may be attributed to the spherical shape and small particle size of WPI. The 
spherical WPI particles can reduce the friction by reducing the contact area between the tribo-pair 
surfaces and changing the local relative motion (Liu, et al., 2016). The mechanism under this 
phenomenon is shown in Scheme 7.1. Numerous small protein particles enter the contact zone and 
form a protein layer that separate the two surfaces and reduce the coefficient of friction (Scheme 
7.1B). While when the system contained a majority of casein protein, only a few small protein 
particles could reach the contact region to form a protein layer. This hypothesis is supported by the 
changes to the particle size of protein, as previously mentioned in section 7.3.2 that the particle size 
of protein solution decreased with the replacement of casein by WPI, allowing the entrainment of 
more small protein particles into the contact region of the tribo-pair to reduce the coefficient of 
friction (Gabriele, et al., 2010).  
 
 
Scheme 7.1.  Schematic representation of tribology behavior of protein (black filled circles) solution (A) High 
casein/WPI ratio: limited number of protein particles is in the contact zone; (B) Low casein/WPI ratio: number of 
protein particles in contact zone increases forming a particle layer 
 
In addition, the denaturation of WPI at high temperature (95 °C for 10 min) may be another 
possible reason for the decreasing of the friction coefficient. Upon heating, the conformational 
changes of WPI causes the formation of disulfide bridges between WPIs. Additionally, 
denatured-WPI also forms disulfide links with κ-casein at the surface of casein micelles (Pakseresht, 
et al., 2017; Zhao, et al., 2016), which causes a high level of crosslinking within the network and 
increases the adhesion ability of protein solution that is conducive to the separation between the two 
surfaces. 
 
(b) Effect of hydrocolloid addition 
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Fig. 7.4 shows the friction curves of the protein solution with hydrocolloids (gelatin, κ-carrageenan, 
LM pectin and curdlan) under different ratios of casein to WPI at 37 °C. Similar to protein solution 
without hydrocolloids (Fig. 7.3), the friction curves were almost stable at low sliding speed (0.1–3.5 
mm/s) and decreased as sliding speed further increased. With the addition of hydrocolloids, the 
friction coefficient of the resulting protein solutions became lower than the control sample that 
contains a majority of the casein fraction (Fig. 7.4A–C). In order to clearly see the differences in the 
friction coefficient with/without hydrocolloids, the protein solution with normal casein to WPI ratio 
(80:20) was selected and compared under different sliding speeds (0.2 and 1 mm/s for low speed 
range; 10 mm/s for medium speed range; 50 mm/s for high speed range), the results are shown in 
Table 7.6. In the sliding speed range of 0.2 to 1 mm/s, all the samples had similar coefficient of 
friction. While at sliding speed of 10 and 50 mm/s the protein solution with hydrocolloids had the 
lower friction coefficient compared to the control sample suggesting protein solution containing 
hydrocolloids have better lubrication property. 
 
Table 7.6.  The friction coefficient of 3.4% protein (casein/WPI=80/20) solution at 37 °C under sliding speed of 0.2, 1, 
10 and 50 mm/s 
Samples 0.2 mm/s 1 mm/s 10 mm/s 50 mm/s 
Control 0.48 (0.003) a 0.48 (0.017) a 0.47 (0.005) a 0.40 (0.005) a 
0.25% Gelatin 0.47 (0.027) a 0.47 (0.021) a 0.46 (0.004) b 0.38 (0.001) c 
0.01% κ-Carrageenan 0.47 (0.001) a 0.47 (0.011) a 0.46 (0.003) b 0.39 (0.005) b 
0.05% Pectin 0.48 (0.013) a  0.46 (0.008) a 0.46 (0.003) b 0.39 (0.003) b 
0.25% Curdlan 0.48 (0.015) a 0.47 (0.008) a 0.45 (0.003) c 0.37 (0.005) c 
Mean value (n=3) and standard deviation shown in parenthesis. Different superscript lower-case letters in the same column indicate significant differences between additions 
of hydrocolloids (P < 0.05) 
 
This observation is in agreement with Nguyen et al. (2017) who observed higher viscosity and 
better lubrication property in dairy products with added hydrocolloids (κ-carrageenan and gelatin). 
They associated this to the formation of a boundary film bought about by the absorption of soluble 
hydrocolloids (gelatin, κ-carrageenan and LM pectin) on the tribometer surfaces. The tribometer 
surface can be covered with a monolayer of soluble hydrocolloids that prevent the solid surfaces to 
have direct contact (Chen, et al., 2002; Liu, et al., 2016). A schematic representation is shown in 
Scheme 7.2. Scheme 7.2A shows a system that contains protein particles without soluble 
hydrocolloids. In the contact zone of a tribometer, only a few small protein particles enter the 
contact zone and form protein layers. Scheme 7.2B represents a system that contains protein 
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particles and soluble hydrocolloids, and in this situation hydrocolloids are adsorbed on the surface 
and forms a robust separating layer. Besides, as discussed in section 7.3.3, the viscosity of protein 
solution increased due to the interactions between milk protein and hydrocolloids, which improved 
the surface adhesion of protein solution and enabled the formation of a thin film between two 
surfaces and lowering the friction coefficient.  
 
 
Scheme 7.2.  Schematic representation of (A) pure protein solution; (B) protein solution with soluble hydrocolloids 
 
However, when the system contained less casein the influence of hydrocolloids addition decreased, 
especially at the low sliding speed range (Appendices Fig. VII. A2). The friction curves for 
casein-free solution (Fig. 7.4 D-F) almost overlapped through the entire range of the sliding speed 
used in this study. This means the casein/WPI ratio is critical in determining the influence of 
hydrocolloids on tribological property of protein solution.  
 
In addition, it was found that curdlan contributed most towards the lubrication property of the 
resulting protein solution with low friction coefficient values obtained with 0.25% curdlan (Fig. 
7.4C). Although curdlan is partly soluble or insoluble in neutral condition, it can form 
thermo-irreversible and thermo-reversible bonds among itself during heating and cooling (Funami, 
et al., 2000), which increased the adhesive-ability of protein solution, this may be the reason for the 
improvement of lubrication property. Also, the plate-out theory proposed by Schmid and Wilson 
(1996) might explain the lubrication mechanism for protein solution with curdlan that is illustrated 
in Scheme 7.3. When exposed to shear force in the tribometer, the curdlan particles deform and 
spread on the surface forming film patches that decrease the friction. This makes curdlan an ideal 
choice for developing smooth or creamy dairy foods. To sum up, the lubrication properties of 
protein solution was affected by different components through different mechanism. Curdlan has 
the capability to be utilized as fat replacer in low- or no-fat dairy products that would endow the 
creamy feeling desired by the consumers. 
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Fig. 7.4.  The tribology curve of 3.4% protein solution under different casein to WPI ratios with/without 
hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) addition at 37 °C (A, B and C) casein/WPI=100/0; (D, E, 
F and G) casein/WPI=0/100 
 
 
Scheme 7.3.  Schematic representation of (A) pure protein solution; (B) protein solution with curdlan 
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7.3.5.  Microstructure 
(a) Effect of WPI content 
Fig. 7.5 shows the microstructure of the pure protein solution with different casein/WPI ratios. The 
red areas in the images correspond to milk protein and the dark areas correspond to the localized 
water. At low casein/WPI ratios, the fluorescence of all protein samples was homogeneously 
distributed throughout the entire field of vision. Flocculates were observed in solutions containing 
more casein (Fig. 7.5A and B). This may be because caseins have a very strong tendency to 
associate due to hydrophobic bonding while the whey proteins are molecularly dispersed in the 
solution (O’Mahony & Fox, 2014). The microstructure images agreed with the zeta-potential result 
that replacing casein with WPI improved the stability of protein in the system.  
 
 
Fig. 7.5.  The microstructure of 3.4% pure protein solution under different casein to WPI ratios (A) casein/WPI=100/0; 
(B) casein/WPI=80/20; (C) casein/WPI=50/50; (D) casein/WPI=20/80; (E) casein/WPI=0/100 
 
(b) Effect of hydrocolloids addition 
Confocal microscopy was also used to examine the effect of hydrocolloid addition on the 
microstructure of different protein solutions. Results are presented in Fig. 7.6 and Appendices 
Figure VII. A3. In protein solutions containing hydrocolloids, the networks were more 
heterogeneous and the contrast between the milk protein phase (red) and the serum phase (black) 
substantially increased, compared to pure dairy protein solution, especially WPI-free solution 
(casein/WPI=100/0) that large protein aggregates with void spaces were found (Fig. 7.6). These 
microstructural results confirmed the interaction between protein and hydrocolloid, which caused 
the increase in particle size and the improvement in viscosity and lubrication property. Furthermore, 
it appears that the segregative phase separation impacts the microstructure of milk protein solution 
as reported by Gaaloul, Turgeon, & Corredig (2010), who observed a more severe segregative 
phase separation in protein/hydrocolloids mixed solutions as the hydrocolloid concentration 
increased. The observation in this study confirmed that heat-induced milk protein microstructure 
modifies in the presence of hydrocolloids. Similar results with confocal microscopy have been 
reported for mixture of milk protein/polysaccharides (κ-carrageenan, guar gum and pectin) (Lucey, 
et al., 1999; Schorsch, et al., 2000; Thongkaew, et al., 2015). Thus, both the changes to protein 
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composition and the addition of hydrocolloids altered the microstructure of protein solution. 
 
 
Fig. 7.6.  The microstructure of 3.4% protein solution with/without hydrocolloids (gelatin, κ-carrageenan, LM pectin 
and curdlan) under three different casein to WPI ratios 
 
7.4.  Conclusion 
This study provides an insight into the effect of ratios of casein to WPI and addition of four 
different hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) on the rheological, 
tribological and microstructural behavior of protein solution. It can be concluded that replacing 
casein by WPI improved the viscosity, protein stability and lubrication property of pure milk 
protein solution, although the solution lost its white color. Hydrocolloid addition increased the 
viscosity of protein solution and improved the lubrication property of protein solution, while it 
decreased the protein stability in the system. Based on this study the optimal casein/WPI ratio is 
50/50 since the protein solution kept milk white appearance and the solution showed high viscosity 
and good lubrication property. For the use of hydrocolloids, 0.05% LM pectin is the best choice due 
to the protein solution had good rheological and tribological property with the stable state of protein. 
Besides, the results provide strong evidence that the friction reduction of protein solution is not only 
caused by an increase of viscosity, but also relates to the particle size of protein. 
 
Different components contribute to the lubrication properties of the composite protein solutions 
through different mechanisms. Replacement of casein by WPI reduces friction due to the formation 
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of protein layers composed of small protein particles. Soluble hydrocolloids (gelatin, κ-carrageenan 
and LM pectin) influence the formation of a separating layer through adhesion on the respective 
surfaces, whereas curdlan reduces friction since its particles deform and spread on the surface 
forming film patches. In addition, the influence of bulk viscosity and the interactions between 
protein and its surrounding matrix and hydrocolloids, need to be accounted for when describing 
lubrication properties. 
 
Through confocal microscopy, the microstructure of 3.4% protein solution with/without 
hydrocolloids showed a more homogeneous image when more WPI existed in the system. Adding 
hydrocolloids caused more serious segregative phase separation, especially for pure casein solution 
(casein/WPI=100/0). Therefore, the casein to WPI ratio and addition of hydrocolloids affects 
tribo-rheological property and microstructure of protein solution. In the next chapter the 
inter-relationship between tribological, rheological and sensory properties of the multicomponent 
food (chocolate flavour milk) would be investigated.
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7.5.  Appendices 
 
 
Fig. VII. A1.  The temperature ramp (15 to 37 °C) of 3.4% protein solution with/without hydrocolloids (gelatin, 
κ-carrageenan, LM pectin and curdlan) under different casein/WPI ratios (A) casein/WPI=100/0; (B) casein/WPI=50/50; 
(C) casein/WPI=20/80; (D) casein/WPI=0/100 
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Fig. VII. A2.  The tribology curve of 3.4% protein solution under different casein to WPI ratios with/without 
hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) addition at 37 °C (A, B and C) casein/WPI=80/20; (D, E 
and F) casein/WPI=50/50; (G, H, I and J) casein/WPI=20/80 
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Fig. VII. A3.  The microstructure of 3.4% protein solution with/without hydrocolloids (gelatin, κ-carrageenan, LM 
pectin and curdlan) under two different casein to WPI ratios
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Chapter 8. 
 
Relating the tribo-rheological properties of chocolate flavoured milk to temporal aspects of 
texture and saliva (*) 
 
Abstract 
In this study, the effect of four different hydrocolloids (gelatin, κ-carrageenan, low methoxy pectin 
and curdlan) and varying casein to whey protein ratios (80:20, 50:50 and 20:80) on the particle size, 
sedimentation, rheology, tribology and colour of chocolate milk were investigated. The dynamic 
sensory tool, Temporal Dominance of Sensations (TDS), was used to monitor the changes in 
textural perception as perceived by the trained assessors during oral processing of chocolate milk, 
and the influence of saliva on rheo-tribology property was investigated. Increasing casein to whey 
protein isolate ratio improved the viscosity, sedimentation and lubrication property of chocolate 
milk to some extent, although the resulting chocolate milk samples were darker. Hydrocolloid 
addition increased the viscosity of chocolate milk, improved the lubrication property of chocolate 
milk, with an increase in the particle size and an obvious sedimentation with a high (> 0.05%) 
proportion of hydrocolloids. Besides the change of microstructure characteristics, the lubrication 
property of chocolate milk improved with the addition of saliva (1:4), and the viscous saliva played 
an important role in the viscosity of saliva-incorporated samples. The TDS data obtained showed 
that powderiness, thickness, and creaminess were the most perceptible attributes at the start of 
consumption for chocolate milk, while residual coating and astringency appeared later during oral 
processing. Additionally, the instrumental data also related to the oral perception of attributes 
perceived by the trained assessors. The addition of hydrocolloids decreased powderiness perception 
in the early stage of chocolate milk consumption, increased the perception of thickness/creaminess, 
and delayed the residual coating sensation.  
 
 
 
 
                                                             
(*) This chapter has been submitted (under review) as a research paper in Food Hydrocolloids (IF = 
5.089): ZHU, Y., BHANDARI, B., & PRAKASH, S. 2019. Relating the tribo-rheological 
properties of chocolate flavoured milk to temporal aspects of texture and saliva. Submission No. 
FOODHYD-2019-1356 
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8.1.  Introduction 
Milk flavoured beverages are common in the world, and they are popular among several groups of 
consumers like young and elders due to their nutritional and sensory characteristics as well as 
convenience (Yanes, et al., 2002). Chocolate milk is the most widely recognized beverage among 
flavored milks (Thompson, et al., 2004). It is formulated with milk, sugar, cocoa powder, and some 
hydrocolloids (which improve thickness and prevent sedimentation of cocoa particles) using 
pasteurization or sterilization processes (Yanes, et al., 2002). Chocolate-flavoured milk is a 
nutritious alternative to soft drinks and fruit drinks, particularly for school-aged children, 
adolescents and young adults (Johnson, et al., 2002; Reedy & Krebs-Smith, 2010). 
 
Cocoa powder, an important ingredient for chocolate milk, is insoluble in water, imparting a 
graininess mouthfeel during consumption. In order to reduce the graininess feeling, increase the 
creaminess of chocolate milk and improve the stability of the final products, usually hydrocolloids 
such as κ-carrageenan are used to increase the thickness and stability of products (Kazemalilou & 
Alizadeh, 2017; Prakash, et al., 2010). However, if too much amount of hydrocolloids is used, a 
number of undesirable characteristics like flocculation, coagulation and even sediment formation 
occurs due to the strong interaction between milk proteins and hydrocolloids (Tziboula & Horne, 
2000). Therefore, it is necessary to determine the ideal usage level for different hydrocolloids. 
 
Many studies related to chocolate milk have investigated rheological and optical properties (Della 
Lucia, et al., 2016; Yanes, et al., 2002) and the processing related to its production (Prakash, et al., 
2010). No work has been reported on its tribological properties with hydrocolloids addition and 
milk composition changes, which is more related to asperity or graininess feeling during 
consumption that cocoa powder provides. Many attempts have been made to assess the 
acceptability of chocolate-flavored products through Quantitative Descriptive Analysis (QDA) 
(Azami, et al., 2018; Kazemalilou & Alizadeh, 2017; Oliveira, et al., 2016), but the QDA does not 
reveal the evolution of sensory attributes over time. Temporal Dominance of Sensations (TDS) is a 
new sensory technique that allows panelists to evaluate the dynamic sensory perceptions during oral 
processing. It has been suggested that TDS is a simple quick method to access 8−10 sensory 
attributes at the same time (Labbe, et al., 2009; Le Révérend, et al., 2008; Pineau, et al., 2009). TDS 
performed with the help of the sophisticated sensory software (FIZZ, SensoMaker, or Redjade), can 
collect and record all the perceived sensation during consumption. During the sensory analysis, a 
list of sensory attributes would appear on the screen and the panelists can choose any dominant 
sensation at each point of time (Labbe, et al., 2009; Pineau, et al., 2009). Recently many studies 
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have applied TDS to evaluate the texture perception of dairy products, such as yoghurt, cream 
cheese and ice cream (Ares, et al., 2015; Bemfeito, et al., 2016; Bouteille, et al., 2013; Bruzzone, et 
al., 2013; Ningtyas, et al., 2018; Varela, et al., 2014). To the best of my knowledge, no study has 
reported investigating the dynamic sensory perceptions of chocolate milk during oral processing.  
 
Human saliva is secreted oral fluid composed of 98-99% water, and various organic & inorganic 
substances (1–2%) (Aps & Martens, 2005; Edgar, 1992). During food consumption, saliva 
promotes the structure breakdown through mechanical, chemical and enzymatic ways, increases the 
viscous cohesion of food particles and promotes the formation of a cohesive food bolus (Mosca & 
Chen, 2017). Besides disruption of food structures, saliva also contributes to the formation of new 
components due to its capacity of enzymatic interaction with foods (Bridges, et al., 2017; Young, et 
al., 2016). Therefore, saliva is a key factor influencing the eating experience during oral processing. 
Saliva contributes to the oral sensations not only through colloidal destabilization (salt-induced 
aggregation, depletion flocculation, bridging flocculation, and coalescence) and dilution (Chen, 
2015) but also through the release of molecules and the biochemical and enzymatic interactions 
between saliva and foods (Mosca & Chen, 2017). 
 
Hence, the main objective of this work was to study the effect of milk protein composition changes 
and hydrocolloids addition on chocolate milk, especially its tribo-rheology properties. Additionally, 
the trained panels assessed the influence of the addition of hydrocolloids and changes of protein 
composition on the perceived attributes of chocolate milk during consumption. The influence of 
saliva on the rheology and tribology of selected chocolate milk was also investigated and related to 
the TDS results. 
 
8.2.  Materials and methods 
8.2.1.  Materials 
In this study four different kinds of hydrocolloids were used - type B gelatin, κ-carrageenan and low 
methoxyl (LM) pectin purchased from Melbourne Food Depot (Melbourne, Australia), and 
commercial curdlan (MG 74000) obtained from Shaanxi Orient Industrial Co., Ltd (Shaanxi 
province, China). For the milk protein ingredients, the micellar casein (protein 85.7%, moisture 
3.6%, fat 1.3%, lactose 4.6% and ash 4.8% w/w) and whey protein isolate (WPI, protein 94.4%, 
moisture 4.5%, fat 0.3%, lactose 0.1% and ash 1.9%) were purchased from Bulk Nutrients (Sydney, 
Australia) and from Fonterra Co-operative Group Ltd (Auckland, New Zealand), respectively. The 
commercial cocoa powder was obtained from Frutex Australia (New South Wales, Australia). 
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8.2.2.  Preparation of protein solution stock 
Different quantities of WPI and casein powder were first added to ultra-pure water to achieve 
different casein-whey protein ratios (80:20, 50:50 and 20:80) followed by stirring at 600 rpm for 2 
hours at room temperature to obtain a final concentration of 3.83 (w/w) protein stock solution. In 
order to allow the powder to disperse well and the proteins to hydrate a second homogenization step 
was introduced, that is the protein solution sonication (150 W) at 100% amplitude for 18 min. Then 
the solutions were kept refrigerated (4 °C) overnight for further hydration.  
 
8.2.3.  Formulation of chocolate milk  
Standard chocolate milk was prepared by adding cocoa powder (1.5%), caster sugar (7%) and 
selected hydrocolloids to the reconstituted protein solution prepared as described in section 8.2.2. 
Table 8.1 lists the compositions of all chocolate milk samples. The concentrations chosen for 
hydrocolloids are as follows: gelatin (0.01, 0.25 and 0.5%, w/w), κ-carrageenan (0.005, 0.01 and 
0.02%, w/w), LM pectin (0.01, 0.05 and 0.1%, w/w) and curdlan (0.01, 0.05 and 0.25%, w/w). 
Following the addition of hydrocolloids, the formulations were mixed at 10,000 rpm for 5 min 
using an UltraTurrax Model T25 fitted with an S25N-18G dispersion tool (IKA Works Inc., 
Wilmington, NC) before heating at 95 °C for 10 min till hydrocolloids were completely dissolved. 
A sample with no stabilizers was studied as a control. After heating, the samples were cooled to 
room temperature and stored at 4 °C for 24 hours before analysis. A final concentration of 3.5% 
(w/w) protein was achieved in all the chocolate milk samples.  
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Table 8.1.  Overview of the composition of all chocolate milk samples 
All the samples in this study were heat-treated and stored at 4 °C for 48 hours before test. The dashes in the table mean no hydrocolloids added in the resulting protein 
solutions 
 
8.2.4.  Particle size measurements 
Particle size distribution of the chocolate milk samples was measured using Malvern Mastersizer 
2000 (Malvern Instruments Ltd., Worcestershire, UK) using refractive indices 1.59 and 1.33 for 
cocoa particles and water, respectively. All the measurements were performed in triplicate. 
 
8.2.5.  Viscosity measurement 
Flow curves of chocolate milk were obtained through a strain-controlled rheometer (AR-G2, TA 
Instrument, USA) equipped with coaxial cylinders (R1 = 32 mm, R2 = 33.8 mm, h = 34.4 mm). 
Around 8 mL samples were poured directly into a cup pre-heated to 37 °C. Samples were 
equilibrated again for 120 s and pre-sheared at a constant shear rate (0.1 s-1, 30 s) before each test. 
Viscosity measurement were performed with an increasing shear rate 0.1–100 s-1. All the tests were 
carried on at 37 °C and conducted in triplicate. 
 
8.2.6.  Tribological properties  
The tribological property of chocolate milk was measured as described by Zhu, Bhandari and 
Prakash (2018) using a ring on plate geometry. Chocolate milk samples were poured onto the 
bottom plate of Discovery Hybrid Rheometer (TA Instrument, USA). After pre-shearing at 0.01 
mm/s for 1 min and equilibrated for 1 min at 37 °C, rotational movement was performed from 0.01 
to 100 mm/s with 10 points per decade. In order to mimic the conditions of mouth, 3M Transpore 
Surgical Tape 1527-2 (3M Health Care, USA) was used since it has hydrophobic rough surface 
similar to human tongue and a constant normal force (2 N) used to represent the moderate normal 
force applied on foods during oral processing (Miller & Watkin, 1996). All measurements were 
conducted in triplicate. 
Casein/WPI Ratio Gelatin  
(%, w/w) 
κ-Carrageenan  
(%, w/w) 
Pectin  
(%, w/w) 
Curdlan  
(%, w/w) 
 - - - - 
 0.01; 0.05; 0.25 - - - 
80/20; 50/50; 20/80 - 0.005; 0.01; 0.02 - - 
 - - 0.01; 0.05; 0.1 - 
 - - - 0.01; 0.05; 0.25 
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8.2.7.  Sediment measurement 
The sediment was determined according to the standard procedure described by Prakash et al. (2010) 
with some modification. Around 10 g samples were added to centrifugation tubes, and then the 
samples were centrifuged at 3000 g for 15 min through a centrifuge (Model 5702R, Eppendorf). 
The weight of supernatant was weighted and results were reported as sedimentation percentage: 
Sedimentation percentage (%)=100 × (Weight of sample-weight of supernatant)/Weight of sample 
 
8.2.8.  Colour measurement 
Colour of samples was measured through a manual colorimeter (MINOLTA model CR 400, 
KONICA MINOLTA, Inc, Tokio, Japan) in CIE L*, a* and b* mode, where L* indicates lightness 
(0 = black and 100 = white), and a* and b* represent redness and yellowness separately. 10 mL of 
each sample was poured into a petri dish and the readings were carried on in triple on each sample. 
A white ceramic plate was used to calibrate the instrument (Y = 86.8, x = 0.3160, y = 0.3234). 
 
8.2.9.  Saliva collection and sample preparation 
Saliva was obtained referring to the method described by Glumac, Qin, Chen and Ritzoulis (2019). 
A single healthy adult volunteer (ages 25 to 30) was instructed to refrain from eating or drinking 
(except water) 2 hours prior to saliva collection. The volunteer was asked to rinse his mouth twice 
with deionized water. Unstimulated whole saliva was collected through asking the volunteer to spit 
saliva naturally into a container. The saliva generated during the first 30 s was discarded and the 
actual saliva collection followed over a period of 2 min with a 5 min resting time. The collected 
saliva was used immediately without centrifugation. It should be noted that saliva was obtained 
from only one subject due to the constraints of the saliva collection procedure. To prepare mixed 
saliva/chocolate milk samples, a 200 µL of saliva was mixed with sample (1:4) and the 
tribo-rheological property of the resulting mixture was measured. Followed the same method as 
described in 8.2.6 to measure tribology, and used a cone (4 cm, diameter; 2° angle) to measure 
viscosity obey the procedure described in 8.2.5. Samples mixed with 200 µL of deionized water 
were also prepared in the same manner to examine dilution effects. 
 
8.2.10.  Temporal Dominance of Sensations (TDS) 
In this study, fifteen trained panelists (5 males and 10 females, age 26–31 years, healthy subjects) 
familiar with quantitative descriptive analysis (QDA®), participated in the sensory evaluation using 
RedJade® software (RedJade Sensory Solutions LLC, California Corporation, USA). The panelists 
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evaluated the sensory attributes (Table 8.2) of the in-house chocolate milk samples in two 
independent sessions. The TDS method described in Varela et al. (2014) and Bruzzone et al. (2013) 
was used in this research with slight modification. Informed consent was taken at the start of this 
study from the participants and the study was approved by Human Research Ethics Committees 
(2019001010) at the University of Queensland. 
 
For sensory analysis only six chocolate milk samples were chosen: chocolate milk with normal 
casein/WPI ratio (80:20), chocolate milk with lower casein/WPI ratio (20:80) and four normal 
casein/WPI ratio chocolate milks with added hydrocolloids (one concentration for each 
hydrocolloid) that have the closest sediment, the highest viscosity value, the highest lubrication 
properties in tribology tests and acceptable sensory perception during a preliminary screening 
session. Equal amount (~20 mL) of each sample was placed in plastic cup labeled with random 
three-digit numbers and served to assessors. The computer screen presented the assessors with the 
five attributes (Table 8.2), each attribute associated with an unstructured scale ranging from “not 
perceived” to “very intense”.  
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Table 8.2.  Attributes and their definitions  
Attributes Definition Technique 
Texture   
Powderiness Powdery sensation 
 
Rough (grainy) ---------------------- Smooth 
Place the sample in the mouth and 
manipulate it thoroughly. 
Thickness Related to the viscosity of sample 
 
Not perceived ------------------------ Very Intense 
Same as above 
Creaminess Combined perception of fat, smoothness, and 
viscosity 
 
Not perceived ----------------------- Very Intense 
Same as above 
Mouthfeel   
Residual coating Intensity of residues left in the mouth after 
swallowing 
 
Not perceived ---------------------- Very Intense 
Once swallowed 
Astringent The dry feeling in the mouth after swallowing 
 
Rough (grainy) --------------------- Smooth 
Same as above 
 
TDS data analysis 
In the TDS curves, the period when a sensation was dominant for a product at the panel level 
(dominance rate) was computed at each point of time (Lenfant, et al., 2009). To better analyze the 
TDS curves, two lines were drawn: chance level (P0) and significance level (Ps) (Labbe, et al., 2009; 
Pineau, et al., 2009). The chance level is the dominance rate that an attribute can obtain by chance. 
Its value is inversely proportional to the number of attributes (P0=1/p, where p is the number of 
attributes). The significance level is the minimum value for the rate to be considered significant, 
which is calculated based on an equation as follows: 
 
Ps=P0 + 1.645
!! (!!!!)!  
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where Ps is the lowest significant proportion value (α = 0.05) at any point of time for a TDS curve 
and n is the number of subject × number of replications. 
 
8.2.11.  Data analysis 
The experimental values of rheology and tribology were calculated and shown as mean with 
standard deviations. The parameters with different hydrocolloids, casein to WPI ratios and the 
presence of saliva were studied by a descriptive one-way ANOVA, the least significant differences 
were calculated by Tukey test and the significance at p < 0.05 was determined. Tests were done 
using SPSS software 22.0 (SPSS, Chicago, IL). 
 
8.3.  Results and discussions 
8.3.1.  Rheological property 
In order to investigate the rheological properties of chocolate milk during consumption, all the 
measurements were performed at 37 °C, and the viscosity values at special shear rate (50 s-1; η50) 
were chosen to compare the influence of casein to whey protein ratios and hydrocolloids addition 
on the viscosity of chocolate milk. The η50 for all the chocolate milk samples are presented in Table 
8.3. 
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Table 8.3.  The viscosity (η50) of chocolate milk with different casein to WPI ratios with/without addition of hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) at 37 °C 
Samples Casein/WPI=80/20 Casein/WPI=50/50 Casein/WPI=20/80 
Control 2.13 (0.09) Ai 2.15 (0.04) Agh 2.22 (0.04) Ae 
0.01% Gelatin 2.08 (0.04) Ai 2.07 (0.06) Ah 2.13 (0.05) Ae 
0.05% Gelatin 2.14 (0.07) Ai 2.08 (0.04) Ah 2.13 (0.06) Ae 
0.25% Gelatin 2.48 (0.06) Afg 2.16 (0.05) Bgh 2.24 (0.09) Be 
0.005% κ-Carrageenan 2.77 (0.07) Ae 2.68 (0.07) Ae 2.49 (0.07) Bd 
0.01% κ-Carrageenan 4.24 (0.29) Ac 4.25 (0.25) Ac 2.74 (0.10) Bc 
0.02% κ-Carrageenan 9.59 (0.20) Aa 9.04 (0.10) Aa 4.01 (0.14) Bb 
0.01% Curdlan 2.38 (0.08) Ag 2.35 (0.03) Af 2.15 (0.02) Be 
0.05% Curdlan 2.53 (0.18) Aef  2.38 (0.11) Afg  2.34 (0.11) Ade 
0.25% Curdlan 5.18 (0.08) Ab 4.88 (0.17) Bb 4.91 (0.09) Ba 
0.01% Pectin 2.27 (0.02) Ah 2.25 (0.06) Ag 2.13 (0.04) Be 
0.05% Pectin 2.55 (0.06) Af 2.43 (0.05) Af 2.19 (0.02) Be 
0.1% Pectin 3.07 (0.12) Ad 2.89 (0.09) Bd 2.45 (0.02) Cd 
Mean value (n=3) in mPa·s and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicate significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicate significant differences between additions of hydrocolloids (P < 0.05)  
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For no hydrocolloids added chocolate milk, all the chocolate milk samples had similar viscosity 
values, even with different casein to whey protein ratios. It has been reported that when the milk 
contains majority of whey protein, more whey protein denature during heat treatment and interact 
with each other to form a firm network, thereby increasing the viscosity (Zhao, et al., 2016), while 
in this study the cocoa powders present in the system may hinder these interactions, thus there was 
no obvious increase in viscosity. In addition, the viscosity of chocolate milk increased with the 
addition of four different hydrocolloids each being added independently. For instance, the viscosity 
of chocolate milk with normal protein composition (casein/WPI=80/20) was 2.13 ± 0.09 mPa·s that 
increased to 2.48 ± 0.06 mPa·s, 9.59 ± 0.20 mPa·s, 5.18 ± 0.08 mPa·s and 3.07 ± 0.12 mPa·s with 
addition of 0.25% gelatin, 0.01g% κ-carrageenan, 0.25% curdlan, and 0.1% LM pectin (Table 8.3). 
It has been found that there is an associative interaction between milk protein and gelatin, 
κ-carrageenan and LM pectin (Zhu, et al., 2019), which is helpful for the increase in viscosity. For 
curdlan, the molecules first absorb water during heat treatment followed by interaction among 
themselves to form a firm network (Funami, et al., 2000), leading to an increased viscosity. In 
addition, all these four hydrocolloids have the ability of cold-gelation, therefore the viscosity of the 
samples further increased after overnight-refrigeration (4 °C).  
 
Also from Table 8.3, it can be seen that for chocolate milk with κ-carrageenan and LM pectin, the 
rate of increase in viscosity decreased with the replacement of casein by WPI. For example, the 
viscosity of chocolate milk with casein to WPI ratio of 80:20 and 20:80 were very similar at 2.13 ± 
0.09 mPa·s and 2.22 ± 0.04 mPa·s, respectively. With the addition of 0.02% κ-carrageenan, the 
viscosity of chocolate milk with casein to WPI ratio of 80:20 increased to 9.59 ± 0.20 mPa·s while 
the viscosity of chocolate milk casein to WPI ratio of 20:80 only increased to 4.01 ± 0.14 mPa·s. 
This indicates that the interaction between casein and κ-carrageenan & LM pectin is strong 
resulting in an increased viscosity of κ-carrageenan or LM pectin contained chocolate milk samples. 
 
8.3.2.  Lubrication property 
The lubrication property of chocolate milk with and without hydrocolloids and different casein to 
WPI ratios was determined by measuring coefficient of friction between the 3M surgical plastic 
tape surface and the tribo-rheometer with normal force of 2 N. The average friction curves of 
chocolate milk samples with normal casein to WPI ratio (80/20) are shown in Fig. 8.1, and the 
friction curves of chocolate milk with other casein to WPI ratios (50/50 and 20/80) are provided as 
Appendices Fig. VIII. A1. 
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From Fig. 8.1, it is clear can be seen that all chocolate milk samples clearly showed both the 
boundary and mixed regime of the Stribeck curves, that is, the friction curves are almost stable 
during low sliding speed range (0.01–0.5 mm/s) and reduced with further increase of sliding speed. 
This is because at low sliding speeds a thin lubrication film is formed by chocolate milk and the two 
surfaces still had asperity interaction between them, thus the coefficient of friction was high and 
stable. However, when the sliding speed increases more samples enter the contact zone and the milk 
proteins adsorbed on the surface could be a part of lubrication film, and the thicker lubrication film 
could partly separate the two surfaces to reduce the coefficient of friction. This phenomenon is 
similar to the results reported by Baier et al. (2009) and Nguyen, Bhandari and Prakash (2016). 
 
For chocolate milk, with the addition of hydrocolloids, friction coefficients were lower compared to 
the control (no hydrocolloids) at 37 °C, especially at high sliding speeds (Fig. 8.1B–E). As an 
example, at the beginning all the samples had similar friction coefficient, but when the sliding speed 
increased (1 and 10 mm/s), the chocolate milk with hydrocolloids showed a lower coefficient of 
friction, indicating that hydrocolloids addition improved the lubrication property of chocolate milk. 
This result is in agreement with previous studies that the lubrication property of dairy products 
(yoghurt and milk protein solution) improved upon addition of hydrocolloids (Nguyen, et al., 2017; 
Zhu, et al., 2019). The reason for this happen is due to the interaction between hydrocolloids and 
milk protein that increase the viscosity of samples, as discussed in 8.3.1, which improves the 
surface adhesion and then forms thicker lubrication film. Additionally, the soluble hydrocolloids 
(gelatin, κ-carrageenan and LM pectin) itself are able to adsorb on to the surfaces and form a robust 
separating layer (Liu, et al., 2016), and the insoluble curdlan acts like fat that deforms during 
moving and spreads on the surface to form film patches covering the surfaces (Zhu, et al., 2019). 
All of these prevented the contact of surfaces and cocoa powders and reduced the asperity contact 
between two surfaces, leading to a decrease of the friction coefficient. 
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Fig. 8.1.  The tribology curves of (A) chocolate milk under different casein to WPI ratios, and normal chocolate milk 
with the addition of (B) Gelatin; (C) κ-Carrageenan; (D) Curdlan; (E) LM pectin at 37 °C 
 
In addition, although at low speed range (0.01–0.5 mm/s) the friction coefficient was almost the 
same for chocolate milk with different casein to whey protein ratios without hydrocolloids addition, 
it decreased with the replacement of casein by WPI during high-speed range (0.5–10 mm/s) (Fig. 
8.1A). This means the replacement of casein by WPI contributes towards better lubrication property 
for chocolate milk. Whey protein has smaller molecular size than casein (O’Mahony & Fox, 2014), 
thus they are easier to be drawn into the contact zone to form thin layer to separate the surfaces. 
Besides, the intra- and inter-molecular interactions among denatured whey proteins or between 
casein and whey protein under high temperature (O’Mahony & Fox, 2014) strengthened the 
adsorbability of solution, leading to the formation of lubrication film and improved the lubrication 
property. Combined with the viscosity results it can speculate that the dairy products with high 
viscosity might have better tribological properties. Similar results were obtained for dairy samples 
suggested that the higher viscosity leads to a lower coefficient of friction (Nguyen, et al., 2016). 
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8.3.3.  Particle size distribution and sedimentation 
Fig. 8.2 shows the particle size distribution of chocolate milk with/without hydrocolloids and 
different casein to WPI ratios. As expected, the replacement of casein by WPI slightly decreased the 
particle size while hydrocolloids addition increased it, especially with high concentration of 
κ-carrageenan, LM pectin and curdlan. For example, the particle size changed from 14.69 ± 0.82 
µm to 30.98 ± 0.87 µm, 42.69 ± 1.11 µm and 18.36 ± 0.40 µm with the addition of 0.02% 
κ-carrageenan, 0.25% curdlan and 0.1% LM pectin, however the particle size did not significantly 
increase (16.68 ± 1.10 µm) even when 0.25% gelatin existed (Fig. 8.2). It has been found that ionic 
hydrocolloids (κ-carrageenan and LM pectin) have strong interaction with milk protein leading to 
the aggregation of protein (Phillips & Williams, 2009). In addition, the cocoa powder that is only 
partly soluble, and easily aggregates with large particle protein and further increases the particle 
size. Although gelatin also interacts with milk protein (Pang, et al., 2014), the bonds formed 
between them are quite weak, thus the particle size did not significantly increase with the addition 
of gelatin (Fig. 8.2). Curdlan, a non-ionic hydrocolloid, although insoluble in water (Funami & 
Nishinari, 2007) may have segregative interaction with milk protein due to its water absorption 
capacity and expansion during heating. In addition, curdlan has powerful thermal irreversible 
interactions among itself when heating above 80 °C (Nakao, et al., 1991), which causes the 
congregation and even precipitation especially at high concentration. 
 
 
Fig. 8.2.  Particle size of chocolate milk samples with the addition of (A) Gelatin; (B) κ-Carrageenan; (C) Curdlan; (D) 
LM pectin 
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The sedimentation of chocolate milk is defined as the settling of particles, including cocoa powders, 
after centrifugation, and the results are shown in Fig. 8.3. It was found that the chocolate milk had 
the highest sedimentation when the casein to whey protein ratio was 80:20, and at low 
concentration (0–0.05%, w/w) of hydrocolloids addition the sedimentation was stable except 
κ-carrageenan, which showed a high sedimentation even with 0.01% κ-carrageenan. During 
heat-treatment casein interacts with whey protein interact, in other words, whey protein would 
cover the surface of casein and form casein-whey protein complex that prevent aggregation. 
Besides, the disulfide bridges formed among proteins stabilize the solution system (Donato & 
Guyomarc'H, 2009; Pakseresht, et al., 2017), thus both protein and cocoa powders dispersed well 
and avoided congregation. However, when the addition of κ-carrageenan, LM pectin and curdlan 
was quite high (≥ 0.1%, w/w), the percentage of sedimentation increased significantly (Fig. 8.3). In 
a previous study, Prakash et al. (2010), reported an increased sedimentation at higher concentration 
of κ- and λ-carrageenan. Conversely, the sedimentation remained the same even with 0.25% 
addition of gelatin. Combining the sedimentation results with particle size changes, it can be 
observed that samples with large particle size produced more sediment. It is reasonable since the 
particles with large size coalesce easily. Further, the interaction between hydrocolloids 
(κ-carrageenan and LM pectin) and casein or the irreversible interactions of insoluble curdlan 
strengthened as the concentration of hydrocolloids increased that could have contributed to the 
precipitation of particles.  
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Fig. 8.3.  The sediment percentage of chocolate milk with the addition (A) Gelatin; (B) κ-Carrageenan; (C) Curdlan; 
(D) LM pectin 
 
8.3.4.  Colour 
The addition of hydrocolloids did not affect the colour of chocolate milk (data not shown), however 
the casein to WPI ratios altered the colour of samples, as shown in Table 8.4. With the replacement 
of casein by WPI, the lightness value was found changed from light coloured sample (L *= 38.33) to 
darker one (L* = 32.58), and the value of a* and b* decreased, indicating the chocolate milk turned 
more green and blue. It has been reported that for dairy products the white colour largely relied on 
the scattering of light by the casein micelles (O’Mahony & Fox, 2014). Therefore, when the total 
protein concentration of chocolate milk was same, with the replacement of casein by WPI, the 
samples became darker and the colour of cocoa powder was more obvious. 
 
Table 8.4.  Colour of chocolate milk at different casein to WPI ratios a 
Casein to WPI ratio L* a* b* 
80:20 38.33 (0.75) a 5.69 (0.07) a 2.66 (0.20) a 
50:50 35.01 (0.80) b 3.66 (0.24) b 1.56 (0.32) b 
20:80 32.58 (0.18) c 2.61 (0.18) c 0.79 (0.11) c 
a L*, a* and b* mean value (n=3) and standard deviation shown in parenthesis. Different superscript lower-case letters in the same column indicate significant differences 
between different protein concentrations (P < 0.05) 
 
8.3.5.  Influence of saliva 
During consumption, although liquid food has a shorter oral contact time than semisolid or solid 
food, with only a few seconds of retention in the mouth (Chen & Engelen, 2013), the food 
combines with saliva in the mouth. Therefore, the effect of saliva cannot be ignored. Hence, in vitro 
the chocolate samples selected for sensory analysis were mixed with saliva for 8 seconds (Brossard, 
et al., 2016) and their rheological and tribology properties were investigated then. 
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Fig. 8.4.  The apparent viscosity (η50) of selected chocolate milk without mixture or mixed with water/saliva 
 
As shown in Fig. 8.4, although it was not significant that the viscosity of chocolate milk samples 
decreased after mixing with water due to the dilution effect, in contrast, the viscosity value of 
saliva-food mixture was obvious larger than samples mixed with water. It was reported previously 
that human saliva, especially the unstimulated saliva, had high viscosity and elasticity (Mosca & 
Chen, 2017) that counteracted the dilution effect and made the sample viscous. The results were 
consistent with the former viewpoint that saliva plays a key role in the viscosity property of 
products after the sufficient mix between food and saliva (Chen, 2014). In addition, it can be seen 
that all saliva-food mixture samples had similar viscosity value, with the exception of chocolate 
milk with 0.01% κ-carrageen (Fig. 8.4). It may be due to the strong interaction of milk protein and 
κ-carrageen, which made the κ-carrageen contained chocolate milk viscous that offered resistance 
to water dilution and saliva addition.  
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Fig. 8.5.  The lubrication property of selected chocolate milk without mixture or mixed with water/saliva 
 
The tribology curves of chocolate milk samples with or without water/saliva showed similar trend 
(Fig. 8.5) that is the friction coefficient was almost stable at low sliding speed range (0–0.5 mm/s) 
and then decreased with further increase of sliding speed (> 0.5 mm/s). Since dilution reduced 
viscosity (Fig. 8.4), the affect was visible on the friction coefficients that increased as observed in 
Fig. 8.5. However, in the presence of saliva, the friction coefficient values reduced (indicating 
better lubrication behavior), especially at high sliding speed (> 10 mm/s). For example, at speed of 
50 mm/s the coefficient of friction of normal chocolate milk without mixture was 0.42 ± 0.003 that 
decreased to 0.41 ± 0.006 when mixed with saliva (Fig. 8.5A). It has been reported that with the 
help of saliva, the samples were more easily spread on the contact surfaces, causing the 
confinement of samples remaining in the contact zone (Zinoviadou, et al., 2008), that may be 
responsible for the reduction in coefficient of friction. Besides, saliva forms a thin layer between the 
two surfaces (Morell, et al., 2017) that causes improvement in lubrication property. It has also been 
reported previously that mixing dairy protein gels or yoghurt with saliva resulted in a slight 
decrease in the coefficient of friction (Joyner, et al., 2014b; Morell, et al., 2017).  
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Light microscopy images of chocolate milk-saliva mixtures are shown in Fig. 8.6. All the samples 
without any treatment had similar microstructure characteristics, except sample containing curdlan 
(Fig. 8.6, line D). This may be due to the low solubility and heat-gelling properties of curdlan 
(Funami & Nishinari, 2007), which resulted in some curdlan particles still remaining in the system 
after heating. It can be observed that samples show similar microstructure characteristics with 
control chocolate milk when mixed with water as was expected (Fig. 8.6, second column). However, 
after in vitro oral digestion, all the mixtures flocculated and tended to aggregate, forming some 
dense and opaque areas (Fig. 8.6, third column). Upadhyay and Chen (2019) suggested that the 
severe flocculation was due to the colloidal interaction, such as depletion flocculation and 
electrostatic interaction.  
 
 
Fig. 8.6.  Light microscopy micrographs of the six chocolate milk samples without treatment or mixed with 
water/saliva. Magnification: 40 ×. (A) Normal chocolate milk; (B) Chocolate milk with 0.25% gelatin; (C) Chocolate 
Chapter 8. Tribo-rheological properties and TDS results of chocolate milk 
	 190	
milk with 0.01% κ-carrageenan; (D) Chocolate milk with 0.05% curdlan; (E) Chocolate milk with 0.05% LM pectin; (F) 
Chocolate milk with casein to WPI ratio of 20/80 
 
8.3.6. TDS profile and its relation to instrumental characterization  
In order to investigate the influence of hydrocolloid addition and the change of protein composition 
on the oral perception of chocolate milk, five attributes were selected to describe the samples in this 
study (Table 8.2). They are powderiness, thickness, creaminess, residual coating and astringent, 
which are related to particle size, and the rheology and tribology property of chocolate milk. Fig. 
8.7 shows the normalized TDS curves for each evaluated chocolate milk sample, the standardized 
time (%) and the dominance rate (%) set as x-axis and y-axis respectively. In order to better 
understand TDS profiles, a "chance level" line and a "significance level" line was added in the 
graphs. The attribute is thought consistent at the panel level when the TDS curve for that attribute 
was above the significance level. For example, the TDS profile of chocolate milk with 
hydrocolloids (Fig. 8.7B–E) show a panel agreement in all the attributes. The variation in the 
sequence of dominant attributes within samples that determine the differences in their first in-mouth 
impression among panelist are presented in the TDS profile curves (Fig. 8.7). The TDS profiles 
suggest several attributes (powderiness, thickness, and creaminess) were perceived as dominant for 
all the evaluated chocolate milks at the start of oral processing by the trained panel. Interestingly, 
with the addition of 0.01% κ-carrageenan and 0.05% curdlan, the first dominant attribute perceived 
by the trained panelist was thickness (Fig. 8.7C and D). However, for normal chocolate milk and 
gelatin-contained sample (Fig. 8.7A and B), at the start of oral processing powderiness was earliest 
perceived as dominant by the assessors. A similar result was observed with chocolate milk at casein 
to WPI ratio of 20/80 (Fig. 8.7F) where the powderiness was the first dominant attribute with the 
dominance rate maximum of 32% at the first 10% of consumption time. Residual coating and 
astringency appeared as the dominant sensation for all chocolate milk samples at the end of oral 
processing. 
 
The initial in-mouth perception at low shear rates is based on the presence of particles (size and 
shape), which an important parameter that relate to the perception of textural attributes, such as 
powderiness and graininess. Hence, powderiness sensation is an attribute that can be linked to the 
particle size of chocolate milk. From the TDS curves presented in Fig. 8.7, the powderiness 
dominance rate was significant for all samples and appeared at different stages of oral processing. 
At the start of consumption, the powderiness of normal chocolate milk was the first significant 
dominant sensation (> 40%) perceived after 20% of consumption time and remained significant 
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during 20–40% of total consumption (Fig. 8.7A). However, although the particle size of chocolate 
milk was larger with the addition of hydrocolloids as shown in Fig. 8.2, most trained panelists feel 
less powderiness (< 40%) (Fig. 8.7B–E). This is possibly due to the higher viscosity of 
hydrocolloids-contained chocolate milk at early stage of consumption, where the mix degree 
between samples and saliva was insufficient. This observation is in agreement with previous studies 
(Imai, et al., 1995; Imai, et al., 1997) that observed a decrease in the perceived grittiness as the 
viscosity of the medium increased. 
 
Thickness is related to the flow behavior (viscosity) of chocolate milk. The sensory perception of 
thickness is based on the force required to migrate chocolate milk between tongue and palate, which 
is the attribute directly related to large-scale deformation rheological measurements (Malone, et al., 
2003). The TDS curves (Fig. 8.7) show that in hydrocolloids-contained chocolate milks, the 
thickness was above significant level at early and medium range (20–60%) of total consumption, 
especially for 0.01% κ-carrageenan and 0.05% curdlan added (Fig. 8.7C and D) samples that was 
above the significance level throughout 40–60% of total consumption by the trained panel. While 
for chocolate milk without hydrocolloids, the thickness reached significant level around 50% of 
standardized time. And the perception of thickness decreased below chance level around 65% of 
total consumption except 0.01% κ-carrageenan added sample. These results consistent with the 
viscosity results in Fig. 8.4, that is, the viscosity of chocolate milk with hydrocolloids had larger 
value in the absence of saliva, while all the samples showed similar viscosity after the addition of 
saliva. However, for chocolate milk containing 0.01% κ-carrageenan, viscosity value was high with 
or without saliva. Previous researchers have also reported that the thickness perception of food 
during oral processing is partly dependent on saliva (Chen, 2014; de Wijk & Prinz, 2007). 
 
Several studies have investigated the correlation of food properties with sensory perception during 
oral processing through lubrication behavior. They used a tribometer to mimic the oscillatory 
parallel tongue movements in the mouth to evaluate the tribological effect of an emulsion or 
starch-protein based product and relate it to creamy and fatty sensations (Bellamy, et al., 2009; 
Godoi, et al., 2017; Laguna, et al., 2017; Malone, et al., 2003). The attributes associated with 
surface properties (e.g. creaminess, smoothness, fattiness) involve the outer layer of food bolus and 
take a longer time to be detected during oral processing, as the attributes are less intense compared 
to bulk properties (de Wijk, et al., 2011). It is suggested that the creaminess feeling is related to the 
formation of a viscous coating or a fat deposition on the tongue surface (de Wijk, et al., 2003). 
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Fig. 8.7.  Normalized TDS curves for different chocolate milk samples: (A) Normal chocolate milk; (B) Chocolate 
milk with 0.25% gelatin; (C) Chocolate milk with 0.01% κ-carrageenan; (D) Chocolate milk with 0.05% curdlan; (E) 
Chocolate milk with 0.05% LM pectin; (F) Chocolate milk with casein to WPI ratio of 20/80 
 
The TDS profile curves (Fig. 8.7) of chocolate milk samples show that during the second half of 
consumption, the trained panel perceived creaminess feeling as a dominant attribute (reaching a 
significance level) for chocolate milk after the addition of hydrocolloids. The 0.01% κ-carrageenan 
and 0.05% curdlan contained samples resulted in a high dominance rate of creaminess (50%) and 
perceived longer (50%–70% of consumption time) by the trained assessors followed by 0.25% 
gelatin and 0.05% LM pectin contained samples that reached around 40% dominance rate. It took 
longer (around 70% of consumption time) for the panel to perceive creaminess in chocolate milk 
with casein to WPI ratio of 20/80. The TDS profiles relate well with the tribology profiles (Fig. 8.5), 
that is, the addition of hydrocolloids and the change of casein to WPI ratio lowered the friction 
coefficient of chocolate milk with/without saliva. These results suggest that hydrocolloids addition 
and replacement of casein by whey protein have the potential to impart creaminess to dairy 
beverage, which is consistent with previous studies on protein solution (Zhu, Bhandari, & Prakash, 
2019).  
 
The residual coating or astringent is the sensation caused by a thin layer or particles covering or left 
on the surface of palate after swallowing the sample (Bruzzone, et al., 2013). In all the chocolate 
Chapter 8. Tribo-rheological properties and TDS results of chocolate milk 
	 193	
milk samples, these two attributes showed a significant dominance in the last period of consumption 
(after 70% onward) by trained panel and the perception of residual coating reduced at 90% of total 
consumption, while astringent sensation had a gradual increase as oral processing progressed (Fig. 
8.7). From all chocolate milk samples tested in this study, 0.01% κ-carrageenan contained sample 
exhibited the highest dominance rate of residual coating (60%) (Fig. 8.7C), and this may be caused 
by its high viscosity (Fig. 8.4). The previous study reported that the oral sensation remaining after 
swallowing is not only determined by the fat content or food composition, but also by the size and 
shape of the gel particles as well as the adherence of any components of the food to the oral 
surfaces of the tongue (Ningtyas, et al., 2018). It can be seen from Fig. 8.2 that the chocolate milk at 
casein to WPI ratio of 20/80 had the smallest particle size and the addition of hydrocolloids 
increased the particle size to some extent. The TDS curve of astringency showed in Fig. 8.7 agree 
with this result. 
 
8.4.  Conclusion 
To sum up, this study investigated the effect of the addition of four different hydrocolloids (gelatin, 
κ-carrageenan, LM pectin and curdlan) and the various casein/WPI ratios on the particle size, 
sedimentation, tribo-rheology property and colour of chocolate milk. The results indicate that 
replacing casein by WPI improved the viscosity, sedimentation and lubrication property of 
chocolate milk in some extent, although led the samples darker. Hydrocolloid addition increased the 
viscosity of protein solution and improved the lubrication property of chocolate milk, while it 
increased the particle size and caused obvious sedimentation with high amount of hydrocolloids. 
Combining texture and appearance results the optimal casein/WPI ratio is 50/50, which consistent 
with the conclusion in Chapter 7, this is because at this ratio the chocolate milk showed good 
viscosity and lubrication property and it had the good stability with acceptable colour. Furthermore, 
besides the same as the conclusion in Chapter 7 that 0.05% LM pectin is a good choice for dairy 
drinks, 0.05% curdlan might be another choice for chocolate milk since it endowed the products 
obvious creaminess feeling with stable state. It was also found that the lubrication property of 
chocolate milk improved with saliva, and the viscous saliva played an important role in the 
viscosity of saliva combined samples. In addition, the chocolate milk showed flocculation 
behaviour after the mixture with saliva. 
 
Through using TDS technique, the sensory analysis results showed that powderiness, thickness, and 
creaminess were the most perceptible attributes at the start of consumption for chocolate milk, 
while residual coating and astringency appeared later during oral processing. Additionally, the 
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physical characteristics of chocolate milk, such as particle size, rheology and tribology property 
showed good relationship with the perceived attributes. The influence of hydrocolloids addition and 
casein to whey protein ratio on its tribological, rheological and sensory properties of yoghurt 
(another classical dairy product) would be studied in the next chapter. 
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8.5.  Appendices 
 
 
Fig. VIII. A1.  The tribology curves of chocolate milk with casein to WPI ratio of 50/50 (A, B, C and D) or with 
casein to WPI ratio of 20/80 (E, F, G and H) after hydrocolloids added 37 °C 
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Chapter 9. 
 
The influence of casein-whey protein ratio and hydrocolloids on tribo-rheology and oral 
textural perception of non-fat yoghurt 
 
Abstract 
In current work, the effect of four different hydrocolloids (gelatin, κ-carrageenan, low methoxy 
pectin and curdlan) and varying casein to whey protein ratios (80:20, 65:35 and 50:50) on the 
texture, rheology, syneresis and tribology of low-fat pot-set yoghurt were investigated. A novel 
dynamic sensory tool, Temporal Dominance of Sensations (TDS), was used to monitor the changes 
in textural perception as perceived by the trained assessors during oral processing of yoghurt, and 
the influence of saliva on rheo-tribology property was investigated. Decreasing casein to whey 
protein isolate ratio improved the viscosity, texture and syneresis of yoghurt, although the 
lubrication property of yoghurt decreased. Hydrocolloid addition improved the viscosity, texture 
and lubrication property of yoghurt, however syneresis became worse with increased concentration 
(> 0.25%) of hydrocolloids, except gelatin. Incorporation of saliva altered the microstructure of 
yoghurt, improved the lubrication property and increased the viscosity of samples compared to 
water diluted samples. The TDS data obtained showed that graininess, thickness, and cohesiveness 
were the most perceptible attributes at the start of consumption for non-fat pot set yoghurt, while 
creaminess and mouth coating appeared later during oral processing. The addition of soluble 
hydrocolloids increased thickness, creaminess and mouth coating perception, while curdlan addition 
increased the perception of graininess during yoghurt consumption. 
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9.1.  Introduction 
Yoghurt is a widely consumed fermented dairy product internationally due to its nutritional value, 
dietary benefits and flavour properties (Tomaschunas, et al., 2012). Textural property is one of the 
important factors that strongly affects consumers' acceptance (Frost & Janhoj, 2007). The addition 
of different milk ingredients (e.g., milk protein concentrate and whey protein concentrate) is an 
alternative to alter the textural properties of dairy products. Textural and physical properties of 
yoghurt fortified with whey protein concentrate were examined by a number of researchers (Aziznia, 
et al., 2008; Krzeminski, et al., 2011; Sodini, et al., 2005). The influence of protein contents or 
hydrocolloids addition on texture properties and sensory perceptions of yoghurt has been examined 
as well (Nguyen, et al., 2017; Tomaschunas, et al., 2012). However, the casein to whey protein ratio 
always change during processing, and even the raw milk have different casein to whey protein 
ratios due to the varying sources (Claeys, et al., 2014). To the best of my knowledge, there is little 
known about the tribo-rheology and texture effects of casein to whey protein ratio change with 
simultaneous variation in hydrocolloids addition. 
 
Saliva is an essential ingredient during eating process. Besides the role of saliva as a media and a 
reservoir for flavour and aroma release (Salles, et al., 2010), it also moistens fractured food particles 
and lubricates their moving in the oral cavity (Chen, 2014). During manipulating food in the mouth, 
the biochemical or enzymatic interaction with some food components happens as well as the 
colloidal interactions with food particles, leading to significant changes of the texture and 
microstructure for foods (Chen, 2014). Therefore, the saliva is an essential ingredient for bolus 
formation and swallowing, although the importance of saliva is very often overlooked in texture or 
sensory studies. 
 
In addition, most researchers assessed the sensory property of dairy products through Quantitative 
Descriptive Analysis (QDA) (Azami, et al., 2018; Kazemalilou & Alizadeh, 2017), but the QDA 
does not reveal the evolution of sensory attributes over time. In order to overcome this drawback, a 
new sensory technique (Temporal Dominance of Sensations; TDS) is recommended that allows 
panelists to evaluate the dynamic sensory perceptions during oral processing. TDS performed with 
the help of the sophisticated sensory software such as FIZZ, SensoMaker and Redjade that collects 
and records all the perceived sensation during consumption. During the sensory analysis, the 
panelists can choose any sensory attributes shown on the screen as the dominant sensation at each 
point of time (Labbe, et al., 2009; Pineau, et al., 2009). Recently few studies have applied TDS to 
evaluate the texture perception of dairy products, such as yoghurt, cream cheese and ice cream 
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(Ares, et al., 2015; Bemfeito, et al., 2016; Bouteille, et al., 2013; Bruzzone, et al., 2013; Ningtyas, 
et al., 2018).  
 
The present study analyzed the different casein to whey protein ratios (80:20, 65:35 and 50:50) and 
four different hydrocolloids (gelatin, κ-carrageenan, low methoxyl pectin and curdlan) on the 
syneresis, texture and tribo-rheology property of non-fat pot-set yoghurt. The influence of saliva on 
tribo-rheology and microstructure was also investigated. Another aim of current study was to 
evaluate the sensory sensations through TDS and relate them to instrumental results. 
 
9.2.  Materials and methods 
9.2.1.  Materials 
The milk protein powders, including micellar casein (protein 85.7%, moisture 3.6%, fat 1.3%, 
lactose 4.6% and ash 4.8%) and whey protein isolate (WPI, protein 94.4%, moisture 4.5%, fat 0.3%, 
lactose 0.1% and ash 1.9%), were purchased from Bulk Nutrients (Sydney, Australia) and Fonterra 
Co-operative Group Ltd (Auckland, New Zealand) separately. Freeze-dried direct vat set (FD- DVS) 
culture YC-X11 obtained from Chr. Hansen Pty. Ltd. (Australia) was used as a starter culture. 
α-Lactose monohydrate was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
 
Type B gelatin, κ-carrageenan and low methoxyl (LM) pectin were obtained from Melbourne Food 
Depot (Melbourne, Australia), and the commercial curdlan (MG 74000) was purchased from 
Shaanxi Orient Industrial Co., Ltd (Shaanxi province, China). 
 
9.2.2.  Preparation of stock solution 
The stock solution was prepared by mixing the protein powders (micellar casein and WPI) with 
lactose powder and added them into ultra-pure water followed by stirring at 600 rpm for 2 hours at 
room temperature. Three casein-whey protein ratios (80:20, 65:35 and 50:50) were chosen in this 
study, and the final concentration of protein and lactose were 4.5% and 5% (w/w) respectively. This 
was followed by sonication of the stock solutions at 150 W for 18 min to allow uniform dispersion 
of the powder and hydration of the proteins. At last the prepared stock solutions were refrigerated at 
4 °C overnight for further hydration. 
 
9.2.3.  Pot-set yoghurt production 
The production of pot-set yoghurt was done as described in Nguyen et al. (2017) with some 
modification. The stock solution was first heated to 95 °C for 10 min before cooling to the 
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incubation temperature (43 °C). For hydrocolloid-contained samples, the hydrocolloids were added 
before heat treatment. All the solutions were stirred through overhead stirrer during heating. 2.5 
units of direct vat set culture was first diluted in 25 mL of the UHT milk at 43 °C, from which 0.2 
mL of solution was added to 50 g of tempered yoghurt formulation. The yoghurt milk was filled 
into 50 mL sterile containers and incubated in water bath at 43 °C for 6–8 h until the pH reached to 
~4.6. Then the samples were cooled with running water immediately and refrigerated at 4 °C to 
reduce post-acidification for 48 hours before instrumental measurement and sensory evaluation. 
The pH after two-day storage slightly reduced to 4.5–4.6. 
 
Based on previous report (Ares, et al., 2007; Nguyen, et al., 2017; Ortiz Martinez, et al., 2016) and 
the preliminary trials, the chosen concentration of each hydrocolloid to be added in the non-fat 
yoghurt was: gelatin (0.25–1.0%), κ-carrageenan (0.01–0.25%), LM pectin (0.05–0.5%) and 
curdlan (0.05–0.5%). 
 
9.2.4.  Syneresis measurement 
Syneresis is an important aspect of yoghurt, it was determined followed the centrifuge method 
described by Keogh & O’Kennedy (1998) with a higher centrifugal force and longer time. 10 g of 
yoghurt sample was centrifuged at 3000 g for 20 min at 4 °C (Eppendorf Centrifuge 5702 R USA). 
After centrifugation, the clear supernatant was poured off, weighed and used to determine the 
percentage (w/w) of syneresis. 
 
9.2.5.  Texture measurement 
The firmness of yoghurt samples was measured through a Texture Analyser (TA-XTplus, Micro 
Stable System Co., UK) with a cylinder probe 12.7 mm in diameter. Penetration test was run on the 
pot-set yoghurt samples with 10 mm penetration at the speed of 1 mm/s and the trigger force was 5 
g. All the measurements were carried out immediately after removal from the fridge (4 °C). 
 
9.2.6.  Rheological measurement 
The viscosity of yoghurt samples was measured by a rheometer (Discovery Hybrid Rheometer, TA 
Instrument, USA) using 60 mm stainless steel parallel plates at 500 µm gap, with shear rate ranging 
from 0.1 to 100 s-1. A solvent trap cover and a standard Peltier plate with solvent trap filled with 
deionized water were used to mitigate sample drying during the experiment. The pot-set yoghurt (in 
50 ml container) was equilibrated at room temperature (22–25 °C) for 1 h and then gently stirred by 
a stainless-steel spatula to eliminate any phase separation before measurement. At the beginning of 
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each test, the sample was equilibrated again for 60 s at 37 °C between the parallel plates at the 
measurement gap. All tests were performed at 37 °C and conducted in triplicate. 
 
9.2.7.  Tribological measurement 
The lubrication property of yoghurt samples was measured according to the research described by 
Nguyen et al. (2017). Briefly, the yoghurt samples were equilibrated at room temperature (22–
25 °C) for 1 hour before the tribology measurement, and it performed at 37 °C to simulate the oral 
condition. A constant normal force of 2 N was used to represent the moderate normal force applied 
on the sample during oral processing. 
 
2 g of sample were used for each test, which was gently spread to completely cover the lower plate 
surface with an approximate 1 mm thickness. The samples were pre-sheared at 0.01 mm/s for 1 min, 
and then equilibrated for another 1 min at 37 °C before each measurement. The friction results 
between the half-ring rheometry and the tape surfaces were recorded for rotational speeds from 0.01 
to 200 mm/s with 20 points per decade. In order to mimic the conditions of mouth, 3M Transpore 
Surgical Tape 1527-2 (3M Health Care, USA) was used since it has hydrophobic rough surface 
similar to human tongue (Nguyen, et al., 2017). All measurements were conducted in triplicate. 
 
9.2.8.  Saliva collection and sample preparation 
Saliva was obtained referring to the method described by Morell, Chen and Fiszman (2017). Briefly, 
a single healthy adult volunteer (ages 25 to 30) was instructed to refrain from eating or drinking 
(except water) 2 hours prior collection. The volunteer was asked to rinse his mouth twice with 
deionized water. Then the volunteer was given a piece of parafilm (1 g ± 0.1 g) and instructed to 
chew, and then expectorated the saliva generated. The saliva generated during the first 30 s was 
discarded and the actual saliva collection followed over a period of 2 min with continuous parafilm 
chewing. The collected saliva was used immediately without centrifugation. It should be noted that 
saliva was obtained from only one subject due to the constraints of the saliva collection procedure. 
To prepare mixed saliva/yoghurt samples, a 0.6 ml of saliva was mixed with sample (1:4) and the 
tribo-rheological property of the resulting mixture was measured. Followed the same method as 
described above to measure tribology and viscosity (section 9.2.6 and 9.2.7). Samples mixed with 
0.6 ml of deionized water were also prepared in the same manner to examine dilution effects. 
 
9.2.9.  Light microscopy 
A Leica DM750 (Leica Microsystems Pty Ltd, Wetzlar, Germany) light microscope was used. After 
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the sufficient mixing, 10 µL of yoghurt-saliva mixture was placed on a slide immediately and 
covered with a cover slip for microstructure observation at 10 × magnification (objective lens 
10×/0.25 ∞/-/OFN25, Leica Microsystems Pty Ltd, Wetzlar, Germany). A camera (Leica ICC50 W, 
Leica Microsystems Pty Ltd, Wetzlar, Germany) that attached to the microscope was used to take 
pictures. 
 
9.2.10.  Sensory analysis 
In this study, ten trained panelists (5 males and 5 females, 26–31 years, health subjects) participated 
in the sensory evaluation by using RedJade® software (RedJade Sensory Solutions LLC, California 
Corporation, USA). The participants were selected since they were familiar with quantitative 
descriptive analysis (QDA®) and consume yoghurt regularly. The panelists evaluated the sensory 
attributes (Table 9.1) of the pot-set yoghurt samples in three independent sessions. The TDS 
method described in Varela, Pintor and Fiszman (2014) and Bruzzone et al. (2013) was used in this 
research with slight modification. Informed consent was taken at the start of this study from the 
participants and the study was approved by Human Research Ethics Committees (2019001010) at 
the University of Queensland. 
 
For sensory analysis only six yoghurt samples were chosen: yoghurt with normal casein/WPI ratio 
(80:20), yoghurt with lower casein/WPI ratio (50:50) and four normal casein/WPI ratio yoghurt 
with added hydrocolloids (one concentration for each hydrocolloid) that have the least syneresis, 
the highest viscosity value, the highest lubrication properties in tribology tests and acceptable 
sensory perception during a preliminary screening session. Equal amount (~10 g) of each sample 
was placed in plastic cup labeled with randomly three-digit number and served to assessors. The 
computer screen presented to the assessors with the five attributes (Table 9.1), each attribute 
associated with an unstructured scale ranging from “not perceived” to “very intense”.  
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Table 9.1.  Yoghurt attributes and their definitions 
Attributes Definition Technique 
Texture   
Thickness Mechanical property perceived when compressing the product between the tongue 
and the plate 
Low (thin) ----------------------------------------------------High (thick) 
Place the sample on tongue, compress it against the palate once at a 
steady rate 
Creaminess Combined perception of fat, smoothness, and viscosity 
Not perceived ---------------------------------------------- Very Intense 
Same as above 
Graininess Geometric property related to the perception of the size and form of the particles 
Rough (grainy)----------------------------------------------------Smooth 
Place sample in mouth and manipulate 
Cohesiveness Mechanical attribute relating the degree to which a substance can be deformed before 
it breaks 
Low (easy to break) -------------------------------------------------High  
Place the sample in the mouth; compress it with the tongue against 
palate at least 5 times or breakdown sample by manipulating between 
tongue and palate 
Mouthfeel   
Mouth coating The mouthfeel of the product, once swallowed, perception of a thin layer covering the 
plate 
Not perceived ---------------------------------------------- Very Intense 
Once swallowed 
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TDS data analysis 
In the TDS curves, the period when a sensation was dominant for a product at the panel level 
(dominance rate) was computed at each point of time (Lenfant, et al., 2009). To better analyze the 
TDS curves, two lines were drawn: chance level (P0) and significance level (Ps) (Labbe, et al., 2009; 
Pineau, et al., 2009). The chance level is the dominance rate that an attribute can obtain by chance. 
Its value is inversely proportional to the number of attributes (P0=1/p, where p is the number of 
attributes). The significance level is the minimum value for the rate to be considered significant, 
which is calculated based on an equation as follows: 
 
Ps=P0 + 1.645
!! (!!!!)!  
where Ps is the lowest significant proportion value (α = 0.05) at any point of time for a TDS curve 
and n is the number of subject × number of replications. 
 
9.2.11.  Statistical analysis 
For all the physical tests, experimental data were assessed by one-way ANOVA with SPSS 
software 22.0 (SPSS, Chicago, IL) and Tukey test for pairwise comparison to determine the 
significant differences among the samples. A p-value of < 0.05 was considered statistically 
significant. 
 
9.3.  Results and discussions 
9.3.1.  Syneresis 
The trends shown in the syneresis data suggest that the non-fat pot-set yoghurt samples had smaller 
percentage of syneresis as the casein to WPI ratio decreased (Fig. 9.1). It was found previously that 
as the casein to whey protein ratio decreased, the inside network became finer, the size of the 
aggregates became smaller, the network of cross-links became denser, and the pores became 
smaller (Puvanenthiran, et al., 2002). The denser structure can help yoghurts to hold more water. 
Similar results were obtained by Pakseresht, Mazaheri Tehrani and Razavi (2017) who observed 
low-fat set-type yoghurts with lower casein to whey protein ratio produced a more elastic gel 
network that was less susceptible to losing water when submitted to centrifugal forces. 
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Fig. 9.1.  The syneresis of yoghurt with/without the addition of hydrocolloids (gelatin, κ-carrageenan, curdlan and LM 
pectin) 
 
With the addition of different hydrocolloids, the syneresis percentage of the non-fat yoghurt 
changed differently independent of casein to WPI ratios. The syneresis decreased significantly 
(almost zero percent), when the yoghurts contained a large amount of gelatin, while the reverse was 
observed with κ-carrageenan and LM pectin. Although the yoghurts held more water with 0.01% 
κ-carrageenan and 0.05% LM pectin, the syneresis of yoghurt samples doubled with further 
addition of these hydrocolloids. While with curdlan, the syneresis in yoghurt also doubled when the 
concentration was > 0.5% although no difference was observed at concentration < 0.5%. These 
observations were consistent with the previous studies on the syneresis of yoghurt or acid milk gel 
after the addition of hydrocolloids (Andic, et al., 2013; Ares, et al., 2007; Fiszman & Salvador, 
1999; Keogh & O'Kennedy, 1998; Pang, et al., 2015). For yoghurt with gelatin, the reason for the 
reduction of liquid drainage is that gelatin might interact with the casein matrix in the system and 
connects casein granules with chains of milk proteins, leading a complex interconnected network to 
be built that retains the aqueous phase more efficiently (Andic, et al., 2013; Ares, et al., 2007; 
Fiszman & Salvador, 1999). Adding κ-carrageenan and LM pectin also strengthens the 
interconnected protein network since the strong interaction between casein and these two 
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hydrocolloids (Zhu, et al., 2019), but too much interactions leads to more syneresis due to depletion 
flocculation. Additionally, these hydrocolloids would continue to form structures during storage due 
to their good cold-setting character, leading to re-arrangement or interfering with the former protein 
network, and this process squeezes the free water out of the structure. Samples manufactured with 
the addition of 0.05% and 0.25% of curdlan showed similar syneresis values as the control sample. 
However, the addition of higher levels of curdlan increased syneresis up to 40%. Although previous 
studies found that the addition of curdlan decreased the syneresis of yoghurt (Mangolim, et al., 
2017; Ortiz Martinez, et al., 2016), however the concentration they used (1.5%) was higher than 
that used in this study and the yoghurt formulation in this study did not include fat. Further previous 
studies (Chapter 5) found that the selected pure curdlan started to form gel at concentration > 1.0%. 
Thus, opposite to enhancing gelling, the yoghurt sample containing 0.5% curdlan could hinder the 
protein network formation, resulting in increased syneresis. 
 
9.3.2.  Textural property of yoghurt 
Fig. 9.2 shows the firmness of the non-fat yoghurt samples. Comparing samples with different 
casein to WPI ratios, it is clearly seen that the firmness increased with the replacement of casein by 
whey protein. The formation of yoghurt occurs in at least two basic stages. In the first stage, the 
apparently stable, aggregated particles of milk proteins would link to each other partly due to the 
bonds formed during heating. Then these particles would aggregate further into an insoluble 
network by the formation of bonds formed between particles during acidification (Puvanenthiran, et 
al., 2002). For the solution with high casein to whey protein ratio (80:20), these particles would 
largely be casein micelles with covalently attached whey proteins. While when the casein to whey 
protein ratio decreases, the particles in the milk would be a mixture of casein–whey protein 
aggregates and aggregates of whey protein. The covalent bonding of whey protein fragments would 
allow the filamentous and significantly denser structure to form during fermentation, according to 
Puvanenthiran et al (2002) and Aziznia et al (2008). In addition, it was reported that whey protein 
could adsorb onto the micellar casein and enhance the interaction in the system through the 
cross-interaction among itself (Lucey, 2008). Therefore, it can say that when the total protein 
concentration is the same, the proportion of whey protein appears to be the governing factor for 
stronger gel network that makes the product firmer. 
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Fig. 9.2.  The hardness of yoghurt with/without the addition of hydrocolloids (gelatin, κ-carrageenan, curdlan and LM 
pectin) 
 
When adding different hydrocolloids, in general, the firmness of the non-fat yoghurt increased in 
proportion to the concentration of hydrocolloid, except curdlan. This result is in agreement with 
previous studies (El, et al., 2002; Pang, et al., 2015). The mechanism of the influence of 
hydrocolloids on the yoghurt firmness varies with the type of hydrocolloids. At a certain 
concentration of κ-carrageenan and LM pectin, negatively charged hydrocolloids at low pH 
condition, interact with the positive charge on the surface of casein micelles (Hansen, 1993; Phillips 
& Williams, 2009) to form highly structured and tighter protein networks. Gelatin interacts with 
casein matrix and connects the casein micelle aggregates and chains of milk proteins to build a 
firmer structure (Andic, et al., 2013; Fiszman & Salvador, 1999). In addition, all these three 
hydrocolloids have a good cold-gelling property and the free hydrocolloids in water gel during 
storage, which increase the firmness of yoghurt. Curdlan, on the other hand, is a neutral stabilizer, 
does not undergo pH-dependent interactions with the proteins. Although it exhibits both heat-setting 
and cold-setting properties (Phillips & Williams, 2009), the concentration used in this study was not 
enough to form gel, thus only the adverse influence on the formation of network was found,  
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consistent with the results in section 9.3.1. Interesting, it was also found that when casein to whey 
protein ratio decreased, the concentration of hydrocolloids (gelatin, κ-carrageenan and LM pectin) 
needed to improve the firmness of yoghurt increased, suggesting that the existence of casein in the 
system is important for hydrocolloids to work.  
 
9.3.3.  Rheological behavior  
In order to investigate the influence of casein to whey protein ratios and hydrocolloids addition on 
the viscosity of yoghurt, the viscosity values at special shear rate (50 s-1; η50) were chosen. The η50 
for all yoghurt samples are presented in Table 9.2. As expected, the viscosity value of yoghurt 
increased with the decrease of casein to whey protein ratio. It has been reported that when the milk 
contains majority of whey protein, more whey protein denature during heat treatment and interact 
with each other to form a firmer network, thereby increasing the viscosity (Zhao, et al., 2016), the 
same phenomenon was found in current study. 
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Table 9.2.  The viscosity (η50) of non-fat yoghurt with different casein to WPI ratios with/without hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) at 37 °C 
Samples Casein/WPI=80/20 Casein/WPI=65/35 Casein/WPI=50/50 
Control 0.62 (0.08) Ce 2.45 (0.21) Bc 3.16 (0.14) Ac 
0.25% Gelatin 0.56 (0.09) Ce 2.15 (0.12) Bd 2.94 (0.11) Ac 
0.5% Gelatin 0.53 (0.05) Ce 2.21 (0.08) Bd 2.84 (0.36) Ac 
1.0% Gelatin 0.49 (0.02) Ce 1.29 (0.06) Bf 2.58 (0.26) Ad 
0.01% κ-Carrageenan 0.74 (0.14) Bd 2.62 (0.46) Ac 3.35 (0.33) Ac 
0.05% κ-Carrageenan 0.87 (0.16) Bd 3.60 (0.32) Ab 3.92 (0.15) Ab 
0.25% κ-Carrageenan 1.36 (0.05) Bc 5.31 (0.39) Aa 5.23 (0.29) Aa 
0.05% Pectin  0.92 (0.11) Bd 2.92 (0.33) Ac 3.40 (0.21) Ac 
0.25% Pectin  2.02 (0.22) Cb  3.42 (0.12) Bb  3.93 (0.19) Ab 
0.5% Pectin 4.20 (0.26) Ca 5.16 (0.24) Ba 5.74 (0.29) Aa 
0.05% Curdlan 0.84 (0.12) Cd 2.43 (0.20) Bc 3.09 (0.31) Ac 
0.25% Curdlan  0.72 (0.11) Bde 1.98 (0.04) Ae 2.16 (0.24) Ad 
0.5% Curdlan  0.62 (0.15) Ce 0.95 (0.14) Bg 1.73 (0.04) Ae 
Mean value (n=3) in mPa·s and standard deviation shown in parenthesis. Different superscript capital letters in the same line indicates significant differences between different protein concentrations (P < 0.05). Different superscript lower-case letters in the same 
column indicates significant differences between different hydrocolloids (P < 0.05) 
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With hydrocolloids, both κ-carrageenan and LM pectin substantially increased the η50 of the 
yoghurt. For instance, the viscosity of yoghurt with normal protein composition (casein/WPI=80/20) 
was 0.74 ± 0.14 mPa·s, and increased to 1.36 ± 0.05 mPa·s and 4.20 ± 0.26 mPa·s with addition of 
0.25% κ-carrageenan and 0.5% LM pectin (Table 9.2). In contrast to these hydrocolloids, adding 
more gelatin or curdlan resulted in a reduction of the apparent viscosity of the yoghurt. As 
discussed earlier, negatively charged κ-carrageenan and LM pectin interact with the positively 
charged surface of the casein micelles to form a highly structured-network that contributes to the 
increase in the sample viscosity (Zhu, et al., 2019). Curdlan on the other hand has a totally different 
thickening mechanism. Although curdlan imbibe water and swell to many times of their original 
size, and even interact among curdlan particles (Lo, et al., 2003; Nakao, et al., 1991), the insoluble 
particles in the system hinders the formation of protein network, therefore decreasing the viscosity 
of the resulting yogurt. The most interesting observation was the rheological behavior of the 
samples containing gelatin. It is believed that a firmer structure could be built due to the interactions 
between gelatin and casein matrix (Andic, et al., 2013; Nguyen, et al., 2017). This is in agreement 
with the improvement of water holding capacity and texture results mentioned in section 9.3.1 and 
9.3.2. However, the viscosity decreased with the addition of gelatin in this study (Table 9.2). This is 
because the viscosity of yoghurt was measured at 37 °C, the temperature is close to the melting 
point of gelatin (Phillips & Williams, 2009), leading to the reduction in viscosity. 
 
9.3.4.  Tribological behavior 
Tribological behavior or lubrication properties of yoghurt can be presented as a friction curve, 
namely the Stribeck curve. Traditionally, this curve is divided into three regimes: boundary, mixed 
and hydrodynamic (Prakash, et al., 2013). In boundary regime, the friction is constant since at this 
time the friction between the two contact surfaces is hardly affected by the sliding speed or the 
lubricant viscosity, but by the ability of the sample to adsorb and form a lubrication film between 
the surfaces (Nguyen, et al., 2017). When the product enters into the mixed regime, a hydrodynamic 
film is created with the entrainment of fluid into the contact zones, which separate the two surfaces 
to reduce the friction (Cassin, et al., 2001). However, at even higher speeds, the hydrodynamic film 
is fully developed and completely separates the surfaces, i.e. hydrodynamic regime. The friction is 
governed by the internal friction (or viscosity of fluid) and increases linearly with speed (Williams, 
2005). 
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Fig. 9.3.  The tribology curves of (A) yoghurt under different casein to WPI ratios, and normal yoghurt with the 
addition of (B) Gelatin; (C) κ-Carrageenan; (D) Curdlan; (E) LM pectin at 37 °C 
 
The lubrication properties (friction curves) of yoghurt samples with different casein to WPI ratios 
were investigated, as shown in Fig. 9.3A. It can be seen that all three stages were observed for 
non-fat yoghurt samples in this study. With the replacement of casein by whey protein the 
coefficient of friction showed an increasing trend, especially at boundary and mixed stages, which 
means the consumers would feel less smoothness when consuming the yoghurt contained more 
whey protein. The results concerning the effect of casein to whey protein ratio on smoothness are 
comparable to earlier studies, where increased particle sizes or graininess were found with 
increasing whey protein content (Krzeminski, et al., 2011; Tomaschunas, et al., 2012). This 
phenomenon could be explained by the two-step coagulation that occurs during the formation of 
acid gels from severely heated milks (O'Kennedy & Kelly, 2000). When the pH reaches ~5.2, the 
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gelation of whey protein happens. Casein particles starts gelling when pH decreases below ~4.8, 
which causing some rearrangements and local stresses in the protein network and the appearance of 
small fractures in the gel, and such fractures would provide grains in yogurt (Lucey & Singh, 1997).  
 
On the other hand, from Fig. 9.3B–E it can find that the friction coefficient of samples decreased 
with the increase of hydrocolloids concentration, except 0.25% κ-carrageenan and 0.5% LM pectin. 
This is because during sliding the free hydrocolloid groups in the system would enter the narrow 
gap between the two contact surfaces and form a lubrication film that decrease the rough contact. 
Similar results are reported by Nguyen et al (2017), in their study wherein the addition of gelatin, 
xanthan gum, carrageenan and modified starch improved the lubrication property of low-fat pot-set 
yoghurt. Besides, in current study the viscosity of yoghurt was found to increase when samples 
contained κ-carrageenan and LM pectin (Table 9.2), and it was found that the lubrication of food 
improved with an increase in viscosity (Nguyen, et al., 2017). While when the yoghurt contained 
too much κ-carrageenan and LM pectin the samples were more elastic and the protein aggregates 
may have been trapped within the increasingly viscous semisolid products, leading the samples to 
contain more grains after stirring, therefore the lubrication property decreased. The friction curves 
of yoghurt with other casein to WPI ratios (65/35 and 50/50) had the similar results, provided as 
Appendices Fig. IX. A1. 
 
9.3.5.  Influence of saliva 
When food enters into the oral cavity, the saliva would mix with food during chewing, therefore the 
effect of saliva cannot be ignored. Therefore, in this study the influence of saliva on the 
tribo-rheology property and microstructure characteristic of the samples selected for sensory 
analysis was also investigated. 
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Fig. 9.4.  Light microscopy micrographs of the six yoghurt samples without treatment or mixed with water/saliva. 
Magnification: 10 ×. (A) Normal yoghurt; (B) Yoghurt with 1.0% gelatin; (C) Yoghurt with 0.01% κ-carrageenan; (D) 
Yoghurt with 0.05% LM pectin; (E) Yoghurt with 0.05% curdlan; (F) Yoghurt with casein to whey protein ratio of 
20/80 
 
Fig. 9.4 shows the light microscopy images of yoghurt and yoghurt-saliva mixtures. As expected, 
more channel-like spread of water content was observed both after water-dilution and 
saliva-mixture. This could be due to the damage of protein network during sample preparation 
combined with water dilution effect. However, it should be noticed that the protein network tended 
to aggregate, forming some dense and opaque areas for yoghurt-saliva mixture (Fig. 9.4, third 
column). The same phenomenon was reported by Morell, Hernando, Llorca and Fiszman (2015), 
and they suggested that the aggregation of proteins was due to the increase of pH by mixing with 
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saliva. 
 
 
Fig. 9.5.  The apparent viscosity (η50) of selected yoghurt mixed with water or saliva 
 
As shown in Fig. 9.5, the saliva-food mixture had higher viscosity values compared to samples 
mixed with water. It is known that human saliva has high viscosity and elasticity (Mosca & Chen, 
2017), thus endows the sample more viscous. The result obtained in this study are in agreement 
with the suggestion that during food oral processing saliva plays an important role in the viscosity 
property of products after the food and saliva are sufficiently mixed (Chen, 2014). The viscosity of 
selected yoghurt without any treatment was 0.49 ± 0.92 mPa·s and 3.16 ± 0.14 mPa·s when casein 
to whey protein ratio was 80/20 and 50/50 respectively (Table 9.2), which is significant higher than 
the samples after treatment. The decrease of viscosity in samples could due to the breaking of the 
protein network, which is consistent with the microstructure characteristic as shown in Fig. 9.4. 
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Fig. 9.6.  The lubrication property of selected yoghurt without mixture or mixed with water/saliva. (A) Normal 
yoghurt; (B) Yoghurt with 1.0% gelatin; (C) Yoghurt with 0.01% κ-carrageenan; (D) Yoghurt with 0.05% LM pectin; 
(E) Yoghurt with 0.05% curdlan; (F) Yoghurt with casein to whey protein ratio of 50/50 
 
The tribology curves of samples without any treatment or treated with water/saliva are shown in Fig. 
9.6. It can be seen that after treatment the coefficient of friction increased and only showed 
boundary and mixed regime. As discussed earlier that the structure of yoghurt was destroyed during 
sample preparation, thus the samples exhibited more fluid state and had less adhesion ability. The 
significant decrease in viscosity might be another contributing factor for the increased coefficient of 
friction. Besides, it can find that all yoghurt samples after treatment showed similar trend, that is the 
friction coefficient was almost stable at low sliding speed range (0–0.5 mm/s) and then decreased 
with further increase of sliding speed (> 0.5 mm/s). At 50 mm/s the coefficient of friction of normal 
yoghurt after mixing with water was 0.370 ± 0.003, which decreased to 0.356 ± 0.002 for 
yoghurt-saliva mixture. Zinoviadou, Janssen and De Jongh (2008) suggested that the foods were 
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easier to spread on the surface with the help of saliva, that may be responsible for the reduction in 
coefficient of friction. In addition, a thin layer would form between two surfaces with the help of 
saliva (Pere Morell, et al., 2017), leading to an improvement in lubrication property. Similar results 
were observed by Joyner, Pernell & Daubert and Morell et al. (Joyner, et al., 2014b; Morell, et al., 
2017), they found that mixing dairy protein gels or yoghurt with saliva resulted in a slight decrease 
in the coefficient of friction. 
 
9.3.6.  Sensory analysis 
In this study six relevant attributes were chosen to compare the sensory perceptions of non-fat 
yoghurt in order to investigate the influence of hydrocolloids addition and protein composition on 
the oral perception of yoghurt. The six attributes–graininess, thickness, creaminess, cohesiveness 
and mouth coating were chosen, and their definition are described in Table 1. All the normalized 
TDS curves for each sample are shown in Fig. 9.7, the x-axis and y-axis represented standardized 
time (%) and the dominance rate (%) respectively. Besides, a "chance level" line and a "significance 
level" line were added in the graphs, and the attributes that are above the significance level are 
considered consistent among the panelists. From Fig. 9.7 it can be seen that graininess, thickness 
and cohesiveness were perceived as main attribute at the beginning of oral processing, and at the 
end of oral processing creaminess and mouth coating appeared as the dominant sensation by the 
trained panel. 
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Fig. 9.7.  Normalized TDS curves for different yoghurt samples: (A) Normal yoghurt; (B) Yoghurt with 1.0% gelatin; 
(C) Yoghurt with 0.01% κ-carrageenan; (D) Yoghurt with 0.05% LM pectin; (E) Yoghurt with 0.05% curdlan; (F) 
Yoghurt with casein to whey protein ratio of 50/50 
 
As inherent characteristic, consumers usually perceive graininess and cohesiveness once the food 
enters the mouth. From Fig. 9.7 it can be seen that the addition of hydrocolloids did not affect the 
feeling of graininess, except for curdlan. This could due to the insoluble property of curdlan 
(Phillips & Williams, 2009), which exists as curdlan particles in the protein network. Compared to 
samples with normal casein to whey protein ratio, there was no obvious difference in graininess 
feeling when there was more whey protein existed in the system (Fig. 9.7F). Besides, during 20–40% 
of total consumption time, the feeling of cohesiveness above significance level for yoghurt 
contained gelatin, κ-carrageenan and LM pectin (Fig. 9.7B–D). Moreover, the cohesiveness 
sensation also reached significance level with the replacement of casein by whey protein (Fig. 9.7F). 
This is consistent with the texture property discussed in section 9.3.2 that hydrocolloids addition 
(exclude curdlan) and replacement of casein by whey protein increased the hardness of obtained 
yoghurt. 
 
The sensory perception of thickness is based on the force required to move samples between tongue 
and palate (Malone, et al., 2003), which is the attribute directly related to viscosity values of 
yoghurt. As shown in Fig. 9.7 the thickness perception was above significant level at medium range 
(40–60%) of total consumption, except yoghurt containing 1.0% gelatin. In addition, the thickness 
of samples containing 0.01% κ-carrageenan started to be above the significance level around 20% 
of total consumption time (Fig. 9.7C). While for normal yoghurt sample, the thickness did not reach 
significant level during the whole consumption (Fig. 9.7A). This suggests that both hydrocolloids 
addition and replacement of casein by whey protein increased the viscosity value of yoghurt, which 
was in line with the previous results (Table 9.1 and Fig. 9.5). 
 
Creaminess sensation is a feeling caused by the formation of a viscous coating or a fat deposition on 
the tongue surface (de Wijk, et al., 2003). The TDS profile curves (Fig. 9.7) of yoghurt samples 
show that during the second half of consumption (60–80%), the trained panel perceived creaminess 
feeling as a dominant attribute (above a significance level) for hydrocolloids contained yoghurt. 
This result related well with the tribology profiles (Fig. 9.3), that is, the addition of hydrocolloids 
lowered the friction coefficient of yoghurt samples. However, it should be noted that the creaminess 
feeling reached the significance level at around 85% of consumption time when casein to whey 
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protein changed to 50/50, which was opposite to the tribology result (Fig. 9.3A), this may due to the 
high viscosity of sample. 
 
After swallowing the food, a thin layer or particles would cover the surface of palate to cause 
sensation named mouth coating (Bruzzone, et al., 2013). For all yoghurt samples, this attribute 
showed a significant dominance in the last period of consumption (after 80% onwards) by the 
trained panel (Fig. 9.7). Also, hydrocolloids contained yoghurt exhibited longer and higher 
dominance rate of mouth coating, while when casein to whey protein ratio changed to 50/50 the 
dominance rate of mouth coating was decreased, this might be due to the changes in viscosity and 
elastic state. It was suggested that not only the food compositions, but also the size and shape of the 
gel particles as well as their adherence ability affect the oral sensation remaining after swallowing 
(Ningtyas, et al., 2018).  
 
9.4.  Conclusion 
To sum up this study, the replacement of casein by whey protein resulted in an increase in firmness, 
viscosity and syneresis, while impaired yoghurts' lubrication property. The use of hydrocolloids 
further improved the firmness and tribo-rheology properties of yoghurt to some extent. However, 
too much hydrocolloid caused the reduction in syneresis and lubrication property. Therefore, the 
optimal casein/WPI ratio for yoghurt is 65/35 since the yoghurt at this ratio had high viscosity and 
water holding capability without sacrificing the decrease in lubrication property, this is different to 
the previous optimal ratio for dairy drinks (Chapter 7 and 8). This could due to the different texture 
of semisolid and liquid state. 
 
Saliva changed the microstructure characteristic, and affected the viscosity and tribology property 
of yoghurt. Compared with water, saliva showed lubrication effect and increased yoghurts' viscosity. 
Besides, the influence of hydrocolloids addition and protein compositional change on 
tribo-rheology property of yoghurt was well supported by TDS results. In the future, the influence 
of the addition of hydrocolloids on aroma and flavour perception of yoghurt is yet to be 
investigated. 
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9.5.  Appendices 
 
 
Fig. IX. A1.  The tribology curves of chocolate milk with casein to WPI ratio of 50/50 (A, B, C and D) or with casein 
to WPI ratio of 20/80 (E, F, G and H) after hydrocolloids added 37 °C   
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Chapter 10. 
 
General Conclusions and Recommendations 
 
10.1.  General conclusions 
Nowadays consumers are more health conscious and respond to calling for healthier diets, leading 
to the development of reduced calorie foods, such as low-fat or fat-free versions of traditional food 
products. However, apart from its nutritional significance in dairy products, fat also has 
considerable impact on the rheological and textural properties, physical characteristics and 
microbiological stability of products. In order to develop functional foods without compromising 
the texture and flavour profiles during oral processing, one of the most useful methods in food 
industry is adding hydrocolloids. For milk-based products, textural and mouthfeel attributes 
sometimes can be more important than flavour in determining a consumer’s acceptability of the 
product. Thus, understanding the physical characteristics of hydrocolloids and their influence on 
dairy products is meaningful for the development of healthy dairy products. This research 
investigated the rheology and tribology properties of four different pure hydrocolloids (gelatin, 
κ-carrageenan, LM pectin and curdlan) solutions/suspension under dairy conditions. Then the 
influence of hydrocolloids addition on appearance, rheology, microstructure and tribology of 
protein solutions with varying casein to whey protein ratios was studied. The research further 
investigated the role of the four hydrocolloids in real dairy products with varying casein to whey 
protein ratios and the resulting changes to the rheology/tribology property of dairy products with 
and without saliva. This research studied (i) Tribo-rheology and textural properties of pure 
hydrocolloids solutions under dairy conditions; (ii) Rheological and tribological behaviour of 
protein solution with the selected four hydrocolloids; (iii) Relating the tribo-rheological properties 
of dairy products to temporal aspects of texture. 
 
Tribo-rheology and textural properties of pure hydrocolloids solutions under dairy conditions: 
Due to the limited information available on the flow, lubrication and textural properties of the four 
selected hydrocolloids (gelatin, κ-carrageenan, LM pectin and curdlan) solutions, especially under 
dairy conditions, the project started with the characterization of the physical properties of pure 
hydrocolloid solutions/suspension at concentrations and conditions used in dairy products (Chapter 
3, 4 and 5), which provides essential information for their application in the development of new 
dairy products, as well as providing methods for studying the lubrication property of hydrocolloid 
solutions and fluid state dairy foods. As an amphoteric biopolymer, the net charge on gelatin 
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molecule can become more positively or negatively charged due to the loss or gain of protons when 
the pH is away from its isoelectric point, and the excess charges repel each other extending the 
gelatin molecules, thereby improving the viscosity, gel strength, lubrication property of gelatin 
solution. In the studied pH range (pH 4.0–8.0), the anionic sulfate groups on κ-carrageenan were 
charged. Under acidic condition the H+ ions would neutralize the κ-carrageenan molecule and 
weaken the electrostatic attraction between semi-ester sulfates in κ-carrageenan. Besides, when the 
κ-carrageenan solution becomes alkaline, more hydroxyl (OH−) ion exists and has mutually 
exclusive action with negatively charged κ-carrageenan, which hinders the intertwining between 
κ-carrageenan molecules. Therefore, κ-carrageenan solution had the highest viscosity and best 
lubrication property at neutral pH and the strength of formed gels from κ-carrageenan solution was 
low in acidic condition. While the excessive H+ facilitated the aggregation of pectin chains due to 
the reduction of electrostatic repulsions along and between pectin chains due to the neutralization 
affect, thereby showing LM pectin solution had the highest viscosity and best lubrication property 
at pH 4.0. Curdlan only starts to solubilize when the pH of system turns alkaline, thus the highest 
viscosity and best lubrication property was obtained when the pH of curdlan suspension changed to 
8.0.  
 
The addition of salts causes molecular extension of gelatin due to the shielding of electrostatic 
interactions. This extension increases the intermolecular interaction among gelatin molecules, thus 
increasing the viscosity and lubrication property. Furthermore, the addition of salt ions can screen 
electrostatic repulsions between charges along the polymer backbone and weaken the electrostatic 
attraction between semi-ester sulfates in κ-carrageenan molecules, neutralizing them and causing 
κ-carrageenan to assume a smaller conformation, leading to the reduction in the κ-carrageenan 
solution viscosity when 0.1% and 0.3% CaCl2 added. However, the viscosity of κ-carrageenan 
solution increased significantly with addition of KCl (0.1–0.3%) or CaCl2 (0.8–3.0%) in this study, 
this may be due to the decreasing gelling temperature and solution turned gelatinous liquid during 
measurement. The addition of CaCl2 increased the viscosity of LM pectin solution due to 
complexation interaction between pectin chains and Ca2+ ions. On the contrary, the addition of KCl 
increased the electrostatic repulsions between anions, causing a restricted distribution and low 
mobility of LM pectin in solution, which decreased the viscosity. The viscosity of curdlan 
suspension decreased with the addition of salts. This is because the hydration or disordering of 
curdlan molecules is inhibited with salts addition, causing the reduction of molecular mobility of 
curdlan and subsequently repressing the hydrophobic interactions among curdlan molecules during 
heat treatment. To some extent, the addition of salts depressed gelation of curdlan suspension at pH 
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5.0, and the addition of CaCl2 (> 0.8%) increased formation of curdlan gel. However, for other 
hydrocolloids, salt addition increased the gel strength although lower gel strength was obtained 
when the addition of CaCl2 was beyond 0.8% for κ-carrageenan formed gel. These findings 
confirmed that both the flow and tribological behaviors of hydrocolloids solution/suspension 
depended on the pH, addition of salts and dosage of hydrocolloids. Protein is one of main 
composition in dairy products, thus the next chapters focused on the interaction between 
hydrocolloids and milk protein, and its influence on the rheological, tribological and visual 
properties of protein solution. 
 
Rheological and tribological behaviour of protein solution with hydrocolloids: 
In the next part of project (Chapter 6), the rheological, tribological and visual properties of pure 
protein solution with variable protein concentrations were studied followed by the addition of 
hydrocolloids. With more WPI added into the system, casein interacts with WPI during heating and 
WPI adsorbs on to the surface of casein to form a casein-WPI complex, which prevent congregation 
and help the protein to be well dispersed in the solution. Additionally, disulfide bridges formed 
between milk proteins due to heating, which binding the proteins together. Therefore, the protein 
stability against agglomeration and the viscosity of protein solution improved with the addition of 
WPI, and the addition of WPI led to a better lubrication property within a certain range of total 
protein (< 8.0 g/100 g). Since gelatin, κ-carrageenan and LM pectin has associative interaction with 
milk proteins, and the swelling of the curdlan molecules occurs as heating begins followed by 
interaction with each other to form network, the viscosity and lubrication property of protein 
solution improved with the addition of hydrocolloids, although the stability of protein solution 
decreased. Also, the protein solution formed gel if the systems contained too much κ-carrageenan 
(0.05%) and LM pectin (0.25%) due to the strong associative interaction. As the temperature 
increases, the weak bonds (hydrogen bonds) that is sensitive to temperature break, allowing protein 
solution to exhibit higher viscosity and better lubrication property at 15 °C than at 37 °C. In this 
study, with the addition of WPI the ratio of casein to whey protein also changed, therefore the next 
chapter focused on investigating the influence of casein to whey protein ratios on protein solution. 
 
Besides the effect of the ratio of casein to WPI and addition of four different hydrocolloids on the 
rheological and tribological properties of protein solution, its influence on the microstructural 
behavior was also studied (Chapter 7). Replacement of casein by WPI improved the viscosity, 
protein stability and lubrication property of pure milk protein solution, although the solution lost its 
white color. Similar to the results obtained in Chapter 6, hydrocolloids addition increased the 
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viscosity of protein solution and improved the lubrication property of protein solution, while it was 
found that the protein stability in the system decreased when the concentration of hydrocolloids 
increased. These results provide strong evidence that the reduction of friction in protein solution is 
caused not only due to an increase of viscosity, but also relates to the particle size of protein. With 
the replacement of casein by WPI the system contained smaller protein particles, thus the proteins 
easily entered the gap between two surfaces to form the protein layers that reduce friction. The 
soluble hydrocolloids (gelatin, κ-carrageenan and LM pectin) influence the formation of a 
separating layer through adhesion on the respective surfaces, whereas curdlan reduces friction since 
its particles deform and spread on the surface forming film patches. The confocal microscopy 
results confirmed that the strong interaction between hydrocolloids and protein, and the smaller 
particle size of protein (more WPI existed in the system) lead to a more homogeneous image. 
 
Relating the tribo-rheological properties of dairy products to temporal aspects of texture: 
The influence of hydrocolloids addition and casein to whey protein ratios on the rheology, tribology 
and other physical properties of two dairy products (chocolate milk and non-fat yoghurt) were 
investigated (Chapter 8 and 9). The dynamic sensory tool, Temporal Dominance of Sensations 
(TDS), was used to monitor the changes in textural perception as perceived by the trained assessors 
during oral processing. Consistent with the results of Chapter 7, that is hydrocolloid addition 
increased the viscosity of chocolate milk, improved the lubrication property of chocolate milk, 
while the particle size increased and an obvious sedimentation occurred with a high proportion of 
hydrocolloids. Therefore, the TDS profiles showed an obvious increase in the thickness, creaminess 
perception and residual coating feelings with increased hydrocolloids addition. Also, there was 
almost no differences between samples with different casein to whey protein ratios, this was 
because replacing casein by WPI only improved the viscosity, lubrication property and 
sedimentation of chocolate flavored milk slightly. For yoghurt study (Chapter 9), it was found that 
with more WPI in the system the syneresis, texture and viscosity of non-fat yoghurt improved, 
although the lubrication property of yoghurt decreased. The texture, viscosity and lubrication 
property of yoghurt improved with more hydrocolloids. However, high syneresis was caused with a 
high proportion of hydrocolloids. The feeling of cohesiveness, thickness and creaminess perceived 
by consumers was significantly improved with hydrocolloids addition and the decrease of casein to 
whey protein ratio. All the results suggested that TDS profiles correlated well with instrumental 
measurements. 
 
Contributions of the research results to new knowledge 
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In this research the rheology, tribology and textural properties of four different pure hydrocolloids 
(gelatin, κ-carrageenan, LM pectin and curdlan) solution/suspension under conditions used for dairy 
products was studied, which could provide basic information about the physicochemical properties 
of these hydrocolloids, this can give some references for the utilization of these hydrocolloids in 
dairy industry. Besides, a tribology curve model was set up for fluid samples at the same time, it 
can give some suggestions for further studies related to tribology of liquid state samples. Secondly, 
the influence of hydrocolloids addition on the appearance, stability, tribo-rheology property and 
microstructure of protein solutions with varying casein to whey protein ratios was investigated, this 
part of study provided a constructive reference for the development of dairy drinks in the dairy 
industry, such as an optimal choice for fat-free dairy drinks in this study was at 50/50 casein/WPI 
ratio with 0.05% LM pectin or 0.05% curdlan addition. Moreover, in this study three different 
possible mechanisms were proposed for explanation of the improvement of lubrication property of 
the composite protein solutions. Finally, the selected hydrocolloids were put into real dairy system, 
including chocolate milk and no-fat yoghurt, to explore their true effects in dairy products. In this 
part of study, through using TDS tool, a novel investigation of the sequential attributes for 
chocolate milk/yoghurt texture during oral processing was performed, which could provide 
references for the further sensory studies. 
 
10.2.  Recommendations for future research 
In this project, the rheology and tribology properties of four hydrocolloids (gelatin, κ-carrageenan, 
LM pectin and curdlan) solution/suspension were studied under dairy conditions, and the influence 
of their interaction with milk protein on protein solutions was investigated. Furthermore, the 
application of the selected hydrocolloids on real dairy products, chocolate milk and low-fat yoghurt, 
was also examined. 
The following studies are recommended for future research in relation to the application of 
hydrocolloids in dairy products: 
i. The stability of protein solution is related to the shelf life of products, especially for dairy 
drinks. The current study only analyzed the appearance and stability of protein solution 
after short time storage (around 3 days). Therefore, it is recommended to analyse the 
influence of the addition of hydrocolloids on protein solution or real dairy drinks during 
refrigerated storage. 
ii. The significant role of protein composition (casein to whey protein ratio) in the textural 
properties of yoghurt can be related to its gelation behaviour. Thus, it is recommended that 
further work should be done to investigate the gelling mechanisms related to texture 
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perceptions with different hydrocolloids addition and with varying casein to whey protein 
ratios. 
iii. The presence of saliva altered the viscosity, lubrication property and microstructure of 
samples. Hence, it is recommended that further work should be done to investigate the 
detail mechanisms related to these changes, including the texture perceptions of dairy 
products. Moreover, the properties of saliva depend on the type of saliva (stimulated or 
unstimulated, human or artificial) and type of stimulation (mechanical or gustatory). The 
interactions between hydrocolloids and saliva components might reveal the controlling 
mechanisms of sensory perception at a molecular level. 
iv. The flavour analysis can be used as additional information towards the interaction among 
hydrocolloids and protein. The current study did not analyze the flavour of chocolate 
milk/yoghurt. Therefore, it is recommended to analyse the flavour of dairy products after 
the addition of hydrocolloids. 
v. In this project all the systems studied was no-fat, in order to better understand the 
influence of hydrocolloids in real dairy products and how much fat can be reduced, a 
research related to fat-contained system is meaningful. Therefore, it is recommended to 
investigate the effect of hydrocolloids addition on dairy products with different fat 
concentrations. 
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